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A COMPUTER SIMULATION OF THE EFFECTS OF POSSIBLE 
TORNADO MODIFICATION ON THE EXTENT 
OF THE TORNADO HAZARD
CHAPTER 1 
INTRODUCTION
T ornadoes have cau sed  ap p ro x im a te ly  225 m i l l i o n  d o l l a r s  damage 
and have  k i l l e d  60 p e rso n s  each  y e a r  f o r  th e  p a s t  f iv e  y e a r s .  Tornado 
d e a th s  a c c o u n t fo r  60% o f  th e  n a t u r a l  h a z a rd  d e a th s  r e s u l t i n g  from  
h u r r i c a n e s ,  f lo o d s ,  e a r th q u a k e s ,  and to rn a d o e s  i n  th e  U n ited  S ta te s  
( M itc h e l l ,  1974, 3 1 6 ). The d e a th  and d e s t r u c t io n  t o t a l s  a re  in c r e a s in g  
b eca u se  o f  th e  ev e r in c r e a s in g  p o p u la tio n  and p r o p e r t y - a t - r i s k .
One a d ju s tm e n t by w hich  man can  d e c re a se  th e  lo s s  o f  l i f e  and 
p ro p e r ty  i s  to  d e c re a se  th e  h a z a rd  p ro d u c in g  m echanism . To d a te ,  
man h as  b een  p a r t i a l l y  s u c c e s s f u l  in  d e c re a s in g  some s e v e re  lo c a l  
s to rm  l o s s e s ,  in  p a r t i c u l a r  h a i l  lo s s e s  (B a t ta n ,  1 9 6 9 ). M e te o ro lo g ic a l 
r e s e a r c h  i s  c o n t in u in g  in  th e  s tu d y  o f to rn a d o  m echan ics and dynam ics 
( K e s s le r ,  1972). B ecause o f  th e  in c re a s in g  p o p u la t io n  and p r o p e r ty - a t -  
r i s k ,  and th e  advances made i n  b a s ic  m e te o ro lo g ic a l  to rn a d o  r e s e a r c h ,  
i t  i s  l i k e l y  t h a t  a t te m p ts  w i l l  be  made in  th e  n e a r  f u tu r e  to  m odify  
th e  h a z a rd  p ro d u c in g  p r o p e r t i e s  o f  to rn a d o e s .
E very  n a t u r a l  h a z a rd  h a s  th r e e  p a ra m e te rs  c o n t r o l l i n g  th e  e x t e n t  
o f  t h a t  h a z a rd :  f re q u e n c y , m ag n itu d e , and i n t e n s i t y .  Tornado m o d if i­
c a t io n  c o u ld  b e  aim ed a t  d e c re a s in g  any one o r  a  number o f  th e s e  to rn a d o  
p a ra m e te rs  b a sed  on th e  expen se  in v o lv e d  and th e  l e v e l  o f  te c h n o lo g ic a l  
a b i l i t y .  I t  t h e r e f o r e ,  becom es im p e ra tiv e  t o  h av e  t h e o r e t i c a l  in fo rm a tio n
c o n c e rn in g  th e  e f f e c t s  th e s e  to rn ad o  p a ra m e te r  a d ju s tm e n ts  w ould  h av e  
on th e  e x te n t  o f  th e  to rn a d o  h a z a rd . Such in fo rm a tio n  w ould i n d i c a t e  
th e  to rn a d o  p a ra m e te r  o r  com bin a tio n  o f  p a ra m e te r  a d ju s tm e n ts  t h a t  
w ould  d e c re a se  th e  to rn a d o  h a z a rd  to  th e  g r e a t e s t  e x te n t .  A lso  i t  
w ould e n a b le  r e s e a r c h e r s  to  p r e d i c t ,  g iv e n  th e  a b i l i t y  to  d e c re a s e  one 
o r  more o f  th e s e  p a ra m e te rs  by a  c e r t a i n  q u a n t i t y ,  th e  e x p e c te d  d e c re a se  
i n  th e  e x te n t  o f  th e  to rn a d o  h a z a rd . T h is  r e s e a r c h  exam ines th e  
t h e o r e t i c a l  e f f e c t s  t h a t  a d ju s tm e n ts  o f  f re q u e n c y , m agnitude and 
i n t e n s i t y  o f  to rn a d o e s  w ould have on th e  e x t e n t  o f  th e  to rn a d o  h a z a rd .
N a tu ra l  h a z a rd  r e s e a r c h ,  a  t r u l y  i n t e r d i s c i p l i n a r y  f i e l d ,  in v o lv e s  
th e  s tu d y  o f  th e  c h a r a c t e r i s t i c s  o f  n a t u r a l  h a z a rd  e v e n ts  and  t h e i r  
i n t e r a c t i o n  w ith  th e  human u se  system s o f  th e  a f f e c te d  a re a s  (K a te s , 1971). 
H azard  r e s e a r c h e r s  h a v e , i n  g e n e r a l ,  l i m i t e d  th em se lv es  to  f i v e  a re a s  
o f  i n v e s t i g a t i o n .  T hese  in c lu d e  (1) a s s e s s in g  th e  e x te n t  o f  human 
o ccu p an ce  o f  h a z a rd  z o n e s , (2) id e n t i f y i n g  th e  f u l l  range o f  p o s s ib le  
human a d ju s tm e n ts  to  h a z a r d ,  (3) s tu d y in g  human p e rc e p tio n  and  e s t i ­
m a tio n  o f  h a z a rd , (4 ) d e s c r ib in g  th e  p ro c e s s  o f  a d o p tin g  h a z a rd  a d j u s t ­
m e n ts , and (5) e s t im a t in g  th e  o p tim a l s e t  o f  a d ju s tm e n ts  and  i t s  s o c i a l  
conseq u en ces  ( M i tc h e l l ,  1974, 31 2 ). S in c e  t h i s  m an-environm ent theme 
h a s  lo n g  been  a m ajo r fo cu s  i n  g eo g rap h y , g eo g rap h e rs  have c o n t r ib u te d  
s i g n i f i c a n t l y  to  n a t u r a l  h a z a rd  r e s e a r c h  p a r t i c u l a r l y  in  s tu d y in g  th e  
v a r i a t i o n s  in  th e  p a t t e r n  o f  ex trem e e v e n ts  (M itc h e l l ,  1974, 3 1 3 ).
The need f o r  a c c u r a te  and com ple te  a s se s sm e n t o f th e  r e g io n a l  
p a t t e r n s  o f  n a t u r a l  h a z a rd  damage p o t e n t i a l  i s  g r e a t .  Such an  
a s s e s sm e n t w ould e n a b le  man to  t r a n s l a t e  th e s e  r i s k  l e v e l s  i n t o  
e c o n o m ic a lly  f e a s i b l e  program s w hich a r e  e f f e c t i v e  in  d i s a s t e r  m i t ig a t io n .  
IT. C. S. Thom (Thom, 1963) h a s  s tu d ie d  th e  v a r i a t io n s  o f  to rn a d o  freq u en cy
in  t h e  U n ited  S ta te s  and h as  dev elo p ed  a method by  w h ich  th e  p r o b a b i l i t y  
o f  a  p o in t  b e in g  s t r u c k  b y  a  to rn a d o  can be  d e te rm in e d . By u s in g  Thom 's 
d a ta ,  th e  a r e a l  p r o b a b i l i t y  o f  a  to rn ad o  s t r i k i n g  a  p o in t  w i th in  th e  
r e g io n  o f  h ig h e s t  f re q u e n c y . C e n t r a l  Oklahoma, i s  a p p ro x im a te ly  .0036 
p e r  y e a r .  The p r o b a b i l i ty ,  f o r  in s tan ce^  o f  a  to rn a d o  s t r i k i n g  i n  a  medium 
fre q u e n c y  a r e a .  N o rth e rn  I n d ia n a ,  i s  .0016 p e r  y e a r  and in  an a r e a  o f  
low f re q u e n c y . C e n tra l  New Y ork S t a t e ,  eq u a ls  .00016  p e r  y e a r .  These 
p r o b a b i l i t i e s  r e s u l t  in  mean r e c u r re n c e  i n t e r v a l s  f o r  a  to rn ad o  
s t r i k i n g  a  p o in t  (RI = ~)  to  v a ry  from 277 y e a r s  f o r  h ig h  freq u en cy  
a re a s  to  6250 y e a rs  i n  low fre q u e n c y  a re a s .
M it ig a t io n  o f  n a t u r a l  h a z a rd  damage lo s s e s  can  b e  accom plished  
by (1 ) com pensa ting  th e  l o s e r s  th ro u g h  f e d e r a l  o r  p r i v a t e  fu n d s ,
(2) la n d  u se  c o n t ro ls  in  a re a s  o f  h ig h  r i s k ,  (3) b u i ld in g  code s u p p le ­
m ents w hich  r e q u ir e  s t r u c t u r e s  t h a t  can w ith s ta n d  th e  maximum c r e d ib le  
e v e n t ,  and (4) d e c re a s in g  th e  h a z a rd  p rod u c in g  m echanism . S in ce  t o r ­
nado p r o b a b i l i t i e s  and r e c u r r e n c e  i n t e r v a l s  a r e  s m a ll  and to rn ad o  
w inds h av e  been  e s t im a te d  a s  h ig h  a s  400 m ile s  p e r  h o u r ,  i t  i s  u n l ik e ly  
t h a t  th e  s t r e n g th e n in g  o f  b u i l d in g  co des , an a lo g o u s  to  f lo o d  p ro o f in g  
i n  f lo o d  p ro n e  a r e a s ,  w ould b e  eco n o m ica lly  f e a s i b l e .  Tornado f r e ­
quency  v a r i e s  c o n tin u o u s ly  o v e r  th e  U nited  S ta t e s  and no w e ll  d e f in e d  
a r e a  s e p a r a te s  h ig h  and low  r i s k  a re a s  as I s  p r e s e n t  i n  f lo o d  p rone  
a r e a s .  A lso , th e  t o t a l  a r e a  o f  la n d  use  c o n t r o l s  w ould  need to  be 
e x tre m e ly  la r g e  and th e  s t r u c t u r a l  in v estm en t i n  th e s e  a re a s  i s  
a l r e a d y  enorm ous. H azard m i t ig a t io n  th rough  co m p en sa tio n  to  lo s e r s  
i s  a  s t r a t e g y  th a t  w i l l  becom e more u n d e s ira b le  a s  p o p u la t io n  and 
p r o p e r t y - a t - r i s k  in c re a s e s  te m p o ra lly .  I t ,  t h e r e f o r e ,  can be  a rgued  
t h a t  th e  o n ly  t r u l y  a c c e p ta b le  method o f  to rn a d o  damage m i t ig a t io n  i s
t h e  m o d if ic a t io n  o f  th e  h a z a rd  p ro d u c in g  m echanism . I f  t h i s  can  be  
done more ch eap ly  th a n  com pensating  p r o p e r ty  ow ners, th e n  m o d i f ic a t io n  
i s  e co n o m ica lly  j u s t i f i a b l e .
B ecause m i t ig a t io n  o f  to rn ad o  lo s s e s  i s  l i k e l y  to  ta k e  th e  form  
o f  a c t u a l  p h y s ic a l  m o d if ic a t io n  o f  to rn a d o e s ,  th e  a n t i c ip a t e d  e f f e c t s  
o f  t h i s  f u tu r e  m o d i f ic a t io n  must be known b e f o r e  to rn ad o  m o d if ic a t io n  
te c h n iq u e s  a r e  d ev e lo p ed  and  a tte m p te d . Tornado m o d if ie rs  m ust b e  
aw are  o f  th e  o v e r a l l  a n t i c ip a te d  b e n e f i t  t h a t  changes i n  to rn a d o  
f re q u e n c y , m agn itude  and i n t e n s i t y  have  on d e c re a s in g  th e  e x t e n t  o f  
t h e  to rn ad o  h a z a rd . T h is  in fo rm a tio n  w ould e n a b le  r e s e a r c h e r s  to  
e s t im a te ,  g iven  th e  a b i l i t y  to  d e c re a se  one o r  more to rn ad o  p a ra m e te r s ,  
th e  a n t i c ip a te d  d e c re a s e  i n  to rn ad o  p a th  a r e a  and an a p p ro x im a te  
d e c re a s e  in  damage l o s s e s .  I t  i s  th e  g o a l o f  t h i s  r e s e a rc h  to  p ro v id e  
t h i s  in fo rm a tio n  w hich  h o p e fu l ly  w i l l  be u sed  by f u tu r e  to rn a d o  
m o d if ie r s  to  e s t im a te  th e  e f f e c t s  t h e i r  m o d if ic a t io n  sh o u ld  h av e  on 
d e c re a s in g  to rn a d o  p a th  a r e a  and e n a b le  them to  d e te rm in e  a  c o s t -  
b e n e f i t  r a t i o .
I n v e s t i g a t io n  o f  th e  t h e o r e t i c a l  e f f e c t s  o f  to rn ad o  p a ra m e te r  
m o d i f ic a t io n  p r e s e n ts  numerous m e th o d o lo g ic a l p rob lem s. The f i r s t  
in v o lv e s  th e  g e n e ra l  ty p e  o f  model to  b e  u sed  in  i n v e s t i g a t in g  th e s e  
e f f e c t s .  D e te rm in is t ic  m odels a re  d e d u c t iv e ly  d e riv e d  and a l lo w  f o r  
no v a r ia n c e  in  th e  r e l a t i o n s h i p  among th e  phenomena under s tu d y  (K ing , 
1 9 6 9 , 3 ) .  D e d u c tiv e ly  d e r iv e d  m odels a r e  in h e r e n t ly  b ased  on th e  
i n i t i a l  assum ptions and c o n s id e r in g  th e  a b se n c e  o f any e m p ir ic a l  
e v id e n c e  co n c e rn in g  th e  r e l a t i o n s h ip  among fre q u e n c y , m agn itu d e  and 
i n t e n s i t y  o f  to rn a d o e s ,  th e  d e t e r m in i s t i c  m odel approach  m ust b e
d is c a rd e d .  I n d e t e n n i n i s t i c  o r  s to c h a s t i c  m odels a l lo w  f o r  v a r ia n c e  i n  
r e l a t i o n s h i p s  among th e  phenom ena u n d er s tu d y ,  and  a r e  th u s  c a p a b le  
o f  more a c c u r a te  r e p r e s e n t a t io n  o f  th e  p ro c e s s  and  fo rm  p re s e n t  in  
m ost " r e a l  w o rld "  r e l a t i o n s h i p s .  L. J .  Kinj, (K in g , 1969 , 227) q u o te s  
L. C urry  (C u rry , 1966) a s  i n d i c a t i n g  th a t  th e  s t o c h a s t i c  approach  h a s  
th e  a d v a n ta g e  t h a t  " i t  a llo w s  a  p rob lem  to  b e  a p p ro ac h ed  w ith  th e  
e x p l i c i t  a d m iss io n  o f  c o n s id e r a b le  ig n o ra n c e ."  B ecau se  o f  th e  la c k  o f  
know ledge c o n c e rn in g  th e  e x a c t  r e l a t i o n s h ip s  among th e  to rn ad o  p a r a ­
m e te rs  and th e  e x p e c te d  a b i l i t y  to  s to c h a s t i c  m odels  to  more a c c u r a te ly  
r e p r e s e n t  th e  " r e a l  w o r ld ,"  a  s t o c h a s t i c  m odel was u sed  to  i n v e s t i g a t e  
th e  r e l a t i o n s h i p  among th e  to rn a d o  p a ra m e te rs .
S o lu t io n s  to  s to c h a s t i c  m odels p r e s e n t  o th e r  d i f f i c u l t  p ro b lem s.
In  s i t u a t i o n s  w here th e  model i s  com plex, s o lu t i o n s  a r e  so  co m p lica ted  
and d i s t a n t  from  r e a l i t y  t h a t  th e  s o lu t i o n s ,  when a p p l ie d  to  th e  
o r i g i n a l  p ro b lem , may b e  d i f f i c u l t  o r  im p o ss ib le  t o  i n t e r p r e t  (N ay lo r, 
1966, 6 ) .  I n  geography (K in g , 1969 , 228) and o th e r  d i s c i p l i n e s  
com puter s im u la t io n  has p ro v ed  to  b e  an e f f i c i e n t  and  p r e f e r r e d  
te c h n iq u e  o f  n u m e ric a l a n a l y s i s  f o r  s o lv in g  c o m p lic a te d  s to c h a s t i c  
m odels and a  v a r i e t y  o f  o th e r  m a th e m a tic a l p ro b lem s (N a y lo r , 1966 , 7 ) .
Com puter s im u la t io n  i s  a  n u m e ric a l te c h n iq u e  f o r  co n d u c tin g  
e x p e rim e n ts  on a  d i g i t a l  com puter w hich in v o lv e s  c e r t a i n  ty p e s  o f  
m a th e m a tic a l and lo g i c a l  m odels t h a t  d e s c r ib e  th e  b e h a v io r  o f  a  sy stem  
o v er e x te n d e d  p e r io d s  o f  tim e  (N a y lo r , 1966, 3 ) .  As in  th e  developm ent 
o f  any m odel o f  some r e a l  sy s te m , com puter s im u la t io n  m odels in v o lv e  
a  " t r a d e  o f f "  betw een " p u re "  r e a l i t y  and s i m p l i c i t y .  On one hand th e  
model sh o u ld  s e rv e  as a  re a s o n a b ly  c lo s e  a p p ro x im a tio n  to  th e  r e a l  
sy stem  and in c o rp o r a te  m ost o f  th e  im p o rtan t a s p e c t s  o f  th e  sy stem .
On th e  o th e r  hand th e  m odel m ust n o t  b e  so com plex th a t  i t  i s . Im p o s s ib le  
to  u n d e rs ta n d  and m a n ip u la te .  In  m ost c a s e s  r e a l i s t i c  m odels a r e  n o t  
8 ln q )le , and s in g le  m odels a r e  h o t  r e a l i s t i c .  T h e re fo re  p h i lo s o p h ic a l  
d e c i s io n s  m ust b e  made by th e  model b u i l d e r  c o n c e rn in g  th e  c o m p le x ity  
o f  th e  model b ased  on th e  p rob lem  u n d er c o n s id e r a t io n  (N a y lo r , 1 9 6 6 , 1 0 ).
S to c h a s t ic  com puter s im u la tio n , o r  Monte C a rlo  s im u la tio n , in v o lv e s  
random  sam pling  from  one o r  more t h e o r e t i c a l  o r  e m p ir ic a l p r o b a b i l i t y  
d i s t r i b u t i o n  f u n c t io n s .  T h is  p r o b a b i l i t y  d i s t r i b u t i o n  f u n c t io n  o r  
o p e r a t in g  c h a r a c t e r i s t i c  i s  u sed  to  g e n e ra te  th e  b e h a v io r  o f  th e  
sy s te m  b e in g  s im u la te d . O b v io u sly , th e  a c c u ra c y  o f  th e  r e s u l t s  o f  
any  Monte C arlo  s im u la t io n  depend to  a  g r e a t  e x te n t  on th e  a b i l i t y  o f  
th e s e  fu n c tio n s  to  e s t im a te  th e  r e a l  sy stem  p a ra m e te rs  (K ing , 1969 , 229 ).
Computer s im u la t io n  a llo w s  r e s e a r c h e r s  to  s tu d y  th e  dynam ics o f  
th e  o b je c t  system . Once a  s im u la tio n  i s  v a l id a t e d  as r e p r e s e n t in g  an  
a b s t r a c t i o n  o f  th e  " r e a l  w o rld "  sy s te m , ch an g es  in  th e  o p e r a t in g  c h a r ­
a c t e r i s t i c s  can b e  made to  I n v e s t ig a te  th e  s e n s i t i v i t y  o f  th e  sy s te m  
to  th e  changes by exam in ing  th e  r e s u l t i n g  o u tp u t  (B a rto n , 1970, 2 2 ) .  
S e n s i t i v i t y  a n a ly s i s  was u sed  to  i n v e s t i g a t e  th e  e f f e c t  t h a t  changes  
i n  to rn ad o  f re q u e n c y , m agn itude  and i n t e n s i t y  have on th e  e x te n t  o f  th e  
to rn a d o  h a z a rd .
O p e ra t io n a l iz in g  th e  r e s e a rc h  p rob lem  i n  a  s im u la tio n  c o n te x t  
r e q u i r e s  a  number o f  s te p s  t h a t  a re  v e ry  s i m i l a r  to  s ta n d a rd  s c i e n t i f i c  
m e th o d o lo g ic a l p ro c e d u re s  (N ay lo r, 1966 , 2 3 ) .  These s te p s  in c lu d e  
th e  fo llo w in g ; (1 ) P roblem  F o rm u la tio n ; (2) C o lle c t io n  and P ro c e s s in g  
o f  R eal World D a ta ; (3 ) E s tim a tio n  o f  P a ra m e te rs  o f  O p e ra tin g  C h arac­
t e r i s t i c s  from th e  R ea l W orld D ata ; (4 ) E v a lu a tio n  o f  th e  Model and  
P a ra m e te r  e s t im a te s ;  (5 ) F o rm u la tio n  o f  th e  Computer Program ;
(6) V a l id a t io n  o f  th e  Computer M odel; (7) D esign  o f  th e  S im u la tio n  
E x p e rim e n ts ; (8) A n a ly s is  o f  th e  S im u la ted  D a ta .
The fo llo w in g  i s  a  b r i e f  d e s c r ip t io n  o f  e a c h  o f  th e  s te p s .  A 
more d e t a i l e d  d is c u s s io n  o f  th e s e  s te p s  in c lu d in g  th e  a c tu a l  p ro c e ­
d u re s  and  te c h n iq u e s  u sed  in  each  s te p  i s  found i n  C hap ter 3— Sim ula­
t i o n  M odel D evelopm ent.
1 . P rob lem  F o rm u la tio n
As s t a t e d  p r e v io u s ly ,  t h i s  re s e a rc h  i s  aim ed a t  e v a lu a t in g  
th e  e f f e c t s  t h a t  v a r io u s  to rn a d o  p a ra m e te r  changes m igh t have on th e  
e x te n t  o f  th e  to rn ad o  h a z a rd . The e x te n t  o f  th e  to rn a d o  h aza rd  can  b e  
d e f in e d  i n  two q u i t e  c o n t r a s t in g  fo rm s. One w ould  in v o lv e  s o le l y  th e  
a r e a  t h a t  w ould be  ex p ec ted  to  b e  a f f e c te d  by to rn a d o e s  d u rin g  a  g iv en  
tim e p e r io d .  A second would in v o lv e  c o n s id e r a t io n  o f to rn ad o  a r e a  in  
c o n ju n c t io n  w ich  th e  p o p u la t io n  a n d /o r  p r o p e r t y - a t - r i s k .
The p rim ary  r e s e a r c h  p rob lem  can  be m ost e f f i c i e n t l y  i n v e s t i ­
g a te d  by m e asu rin g  th e  e x te n t  o f  th e  to rn ad o  h a z a rd  u s in g  th e  a r e a
a f f e c t e d  by to rn a d o e s  d u r in g  a  g iv e n  tim e  p e r io d .  The m ajo r i n t e r e s t  
i s  in  th e  o p e r a t io n  and s e n s i t i v i t y  o f  th e  p h y s ic a l  sy stem  u nder 
c o n s id e r a t io n  w ith o u t in c lu d in g  p o p u la tio n  a n d /o r  p r o p e r t y - a t - r i s k  
w hich i s  in d e p e n d e n t o f  th e  o p e r a t io n  o f  th e  p h y s ic a l  system . The
a r e a  a f f e c t e d  by a  to rn ad o  i s  d e f in e d  as  th e  a r e a  w i th in  th e  to rn a d o
p a th .
A u s e f u l  u n i t l e s s  m easure  d i r e c t l y  r e l a t e d  to  th e  a r e a  o f  to rn a d o  
p a th s  i s  a r e a l  p r o b a b i l i t y .  A re a l p r o b a b i l i t y  i s  d e f in e d  a s  th e  
p r o b a b i l i t y  o f  a  to rn ad o  s t r i k i n g  a  p o in t  w ith in  a  s p e c i f i e d  a r e a l  u n i t .  
M a th e m a tic a lly  i t  i s  e x p re s se d
F a )
8w h ere  TA eq u a ls  to rn a d o  p a th  a r e a ,  and  A e q u a ls  th e  a r e a  o f  t h e  a r e a l  
u n i t  (Thom, 1963, 7 3 7 ).
Of seco n d a ry  i n t e r e s t  to  t h i s  r e s e a r c h  i s  th e  e v a lu a t io n  o f  
th e  ap p ro x im ate  econom ic b e n e f i t  o f  to rn a d o  p a ram e te r  m o d i f ic a t io n .
In  o r d e r  to  acco m p lish  t h i s  th e  p r o p e r t y - a t - r i s k  must be ta k e n  i n t o  
c o n s id e r a t io n .  One can  app rox im ate  th e  damage v a lu e  cau sed  by  to r n a ­
do es to  s t r u c t u r e s  by assum ing  th a t  t h e  s t r u c t u r e s  a r e  u n ifo rm ly  
s p re a d  th ro u g h o u t th e  a r e a  under c o n s id e r a t io n .  The damage v a lu e  
w ould th e n  eq u a l th e  p e rc e n ta g e  o f  p a th  a r e a  o f  a  s p e c i f i e d  i n t e n ­
s i t y ,  tim es  th e  t o t a l  s t r u c t u r e  v a lu e .  Damage v a lu e  e s t im a te s  c o u ld  th e n  
b e  a n a ly z e d  w ith  v a r io u s  to rn ad o  p a ra m e te r  m o d if ic a t io n s  to  ap p ro x im a te  
econom ic b e n e f i t s  o f  su ch  m o d if ic a t io n .  When te c h n o lo g ic a l  ad v an ces  
a r e  made in  to rn ad o  m o d if ic a t io n ,  th e s e  e s t im a te s  w i l l  be  h e l p f u l  In  
d e v e lo p in g  a  c o s t - b e n e f i t  r a t i o .
2 . C o lle c t io n  and P ro c e s s in g  o f  R ea l W orld D ata
Tornado o b s e r v a t io n s  a r e  w i th o u t  q u e s t io n  in c o m p le te  and 
in a c c u r a te  (A sp, 1 9 6 3 ). They h a v e , how ever, b een  used  by r e s e a r c h e r s  
a s  th e  b a s is  f o r  i n v e s t i g a t io n s  (S k ag g s , 1970) (Thom, 1 9 6 3 ). These 
r e s e a r c h e r s  re a so n  t h a t  a lth o u g h  th e  t o t a l  p o p u la t io n  o f  to rn a d o e s  i s  
n o t  known, th e  sam ple i s  la r g e  enough t h a t  in f e r e n c e s  ab o u t th e  t o t a l  
p o p u la t io n  can b e  made w ith  c o n fid e n c e . Tornado d a ta  have  b een  
c o l l e c t e d  by th e  U. S. W eather S e rv ic e  s in c e  1916. S in ce  1 9 5 t he s e  
d a t a  have been much m ore r e l i a b l e  and  c o m p le te  becau se  o f  s ta n d a r d iz e d  
r e p o r t i n g  m ethods and in c re a s in g  p u b l ic  aw aren ess  (Asp, 1 9 6 3 ) . The 
d a t a  in c lu d e  in fo rm a tio n  on each to r n a d o 's  tim e  of o c c u r re n c e ,  p a th  
l e n g th  and w id th , p o in t  o f  touchdow n, d i r e c t i o n  o f movement, and  damage 
v a lu e  e s t im a te s .  T hese  d a ta  w ere c o l l e c t e d  f o r  th e  s tu d y  a r e a  w hich  i s  
i l l u s t r a t e d  in  F ig u re  1 .
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3 . E s tim a tio n  o f  P a ra m e te rs  o f  O p e ra tin g  C h a r a c t e r i s t i c s  from
The R eal W orld D ata
Summary c h a r a c t e r i s t i c s  o f  v a r i a b l e s  a re  needed  to  s e r v e  a s  
I n p u ts  to  th e  com puter s im u la t io n .  I t  i s  t h e r e f o r e ,  n e c e s s a r y  to  " f i t "  
t h e o r e t i c a l  fre q u e n c y  d i s t r i b u t i o n s  to  th e  o b se rv ed  d a t a .  R esea rc h  has 
shown t h a t  to rn a d o  p a th  s i z e  v a r i a t i o n s  " f i t "  th e  lo g n o rm a l d i s t r i b u t i o n  
and  th a t  an n u a l f r e q u e n c ie s  " f i t "  th e  n e g a t iv e  b io n o m ia l d i s t r i b u t i o n  
(Thom, 1963, 7 3 2 ). T hese two t h e o r e t i c a l  d i s t r i b u t i o n s  w ere  f i t  to  
th e  d a ta  c o l l e c t e d  from  th e  C e n tra l  Oklahoma s tu d y  a r e a .
4 . E v a lu a tio n  o f  th e  Model and P a ra m e te r  E s tim a te s
S t a t i s t i c a l  t e s t s  w ere c a r r i e d  o u t  a t  t h i s  s t e p  t o  in s u r e  t h a t
th e  p a ram e te r e s t im a te s  r e p r e s e n t  th e  o b j e c t  system .
5. F o rm u la tio n  o f  th e  Computer P rogram
The com pu ter program  was w r i t t e n  i n  FORTRAN, a l th o u g h  a  
num ber o f  s im u la t io n  la n g u a g e s  have  b een  d ev e lo p ed  f o r  e x tre m e ly  
com plex s im u la t io n s .  The tim e  r e q u i r e d  to  become p r o f i c i e n t  w ith  a 
s p e c i f i c  s im u la t io n  la n g u a g e  w ould p ro b a b ly  o f f s e t  th e  s a v in g s  i n  
program m ing tim e  f o r  t h i s  s im u la t io n .
6. V a l id a t io n  o f  th e  Computer Model
S t a t i s t i c a l  t e s t s  w ere u sed  to  e v a lu a te  th e  "g o o d n ess  o f  f i t "  
b e tw een  th e  s im u la te d  o u tp u t and th e  o b se rv e d  h i s t o r i c a l  to rn a d o  d a ta .
7 . D esign  o f  S im u la tio n  E x p erim en ts
E xperim en ts  w ere cond u c ted  to  d e te rm in e  th e  e f f e c t s  t h a t  
ch an g es i n  f re q u e n c y , m agn itude and i n t e n s i t y  p a ra m e te rs  ( th e  f a c t o r  
v a r i a b l e s  o r  in d e p e n d e n t v a r ia b le s )  hav e  on to rn ad o  p a th  a r e a  Cthc 
r e s p o n s e  v a r i a b l e  o r  dep en d en t v a r i a b l e ) . S y s te m a tic  f a c t o r  v a r i a b le  
p a ra m e te r  changes w ere  co n d u cted  b o th  in d e p e n d e n tly  and  i n  co m b in a tio n  
to  d e te rm in e  t h e i r  e f f e c t  on th e  re s p o n s e  v a r i a b l e .
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8 . A n a ly s is  o f  S im u la te d  D ata
The a n a ly s i s  was aim ed a t  d e te rm in in g  th e  e f f e c t s  t h a t  v a r io u s  
to rn a d o  p a ra m e te r  changes hav e  on to rn ad o  p a th  a r e a  and th e  ap p ro x im ate  
d e c re a s e  i n  damage v a lu e  t h a t  su ch  changes would p ro d u c e .
CHAPTER 2 
POSSIBLE MODIFICATION OF TOBNADOES 
In fo rm a tio n  c o n c e rn in g  to rn a d o  dynam ics and c h a r a c t e r i s t i c s  i s  
In c o m p le te . I t  i s  n e c e s s a ry  to  su rv e y  th e  l im ite d  d a ta  w h ich  a re  
a v a i l a b l e  b e fo re  u n d e r ta k in g  a  d e t a i l e d  d is c u s s io n  o f  p o s s i b l e  te c h ­
n iq u e s  o f  to rn a d o  m o d if ic a t io n .
T ornado Dynamics and C h a r a c t e r i s t i c s  
The to rn a d o  r e p r e s e n t s  th e  a tm o sp h e re ’ s most ex trem e c o n c e n tr a t io n  
o f  v o r t i c i t y .  I t  i s  a  fu n n e l sh a p e d , r a p id ly  r o t a t i n g ,  i n t e n s e  low 
p r e s s u r e  a r e a  found i n  a s s o c ia t io n  w i th  some s e v e re  th u n d e rs to rm s .
The to rn ad o  " fu n n e l"  i s  v i s i b l e  b e c a u se  i t  c o n ta in s  w a te r  d r o p le t s  
t h a t  r e s u l t  when a i r  expands and c o o ls  a d i a b a t i c a l l y  u n d er th e  in f lu e n c e  
o f  th e  ex trem e low p r e s s u r e .  S im i la r  to  a l l  low p r e s s u r e  a r e a s  t o r ­
n ad o es  a r e  c h a r a c te r i z e d  by low l e v e l  a i r  convergence w hich  r e s u l t s  
i n  r a p id  r o t a t i o n  a ro u n d  th e  to rn a d o  a x i s .  In  o rd e r  to  c o n s e rv e  
m a ss , d iv e rg e n c e  m ust a l s o  be p r e s e n t  i n  a s s o c ia t io n  w ith  th e  r i s i n g  
u p d r a f t .  T h is  i s  m a n ife s te d  above th e  to rn a d o  o r any  l a r g e  u p d r a f t  
a s  an  o u tf lo w in g  c lo u d  th a t  i s  g e n e r a l ly  known as an  a n v i l  l a y e r  
( K e s s le r ,  1972 , 4 ) .
A ll  to rn a d o e s  a r e  a s s o c ia te d  w ith  s e v e re  th u n d e rs to rm s , a lth o u g h  
r e l a t i v e l y  few th u n d e rs to rm s  p ro d u ce  to rn a d o e s .  The m e so sc a le  
s y n o p t ic  c o n d i t io n s  a s s o c ia te d  w ith  to rn a d o -p ro d u c in g  s to rm s  hav e  been  
i d e n t i f i e d  (T ep p e r, 1958 , 3 4 ); (1) a warm m o ist a i r  l a y e r  a b o u t 5 ,000
f e e t  (1 ,5 2 3  m e te rs )  t h i c k  a t  th e  s u r f a c e ;  (2) a  te m p e ra tu re  in v e r s io n
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above th e  warm m o ist l a y e r ;  (3 ) d ry  a i r  above th e  in v e r s io n  la y e r  
(4) s t r o n g  v e r t i c a l  w ind s h e a r  a l o f t  from a  j e t  s t r e a m ; C5) a l i f t i n g  
m echanism  su ch  as  a  co ld  f r o n t  o r  a  s q u a l l  l i n e .  T hese c o n d it io n s  a r e  
m ost commonly found i n  a s s o c i a t i o n  w ith  th e  warm s e c t o r  o f  a  m id d le  
l a t i t u d e  wave c y c lo n e . C o n d it io n s  such  as th e s e  i n t e r a c t  to  form  a  
r a p id l y  r i s i n g  "chim ney" o f  a i r  (T ep p er, 1958, 34) whose upward v e lo ­
c i t i e s  may re a c h  as  much a s  150 f e e t  p e r  second  (4 5 .7  m e te rs /s e c o n d )  
( K e s s le r ,  1972 , 4 ) .
The "chim ney" o f  r i s i n g  a i r  r e s u l t s  when th e  lo w e r , m oist a i r  
l a y e r  i s  d is p la c e d  v e r t i c a l l y  by  a  " t r ig g e r in g  m echan ism ." The 
t r i g g e r i n g  mechanism i s  any m echanism  th a t  w i l l  f o r c e  a i r  to  r i s e  
and i s  m ost o f te n  a  co ld  f r o n t  o r  s q u a l l  l i n e ,  a l th o u g h  on o c c a s io n  
c o n v e c tio n  co u ld  p ro v id e  th e  i n i t i a l  l i f t i n g .  I f  th e  t r i g g e r in g  
m echanism  i s  o f  s u f f i c i e n t  m agn itude  to  cause  enough l i f t i n g  to  
p ro d u ce  c o n d e n sa tio n  w ith in  th e  r i s i n g  a i r  p a r c e l  and to  fo rc e  th e  
a i r  above th e  in v e rs io n  l a y e r ,  th e  a i r  w i l l  b e  c o n v e c tiv e ly  u n s ta b l e .  
C o n v ec tiv e  i n s t a b i l i t y  r e f e r s  to  th e  buoyancy g a in e d  by  r i s in g  and 
co n d e n s in g  a i r  p a rc e ls  b e c a u se  th e y  a re  w arm er, and  th e r e f o r e  l i g h t e r ,  
th a n  th e  su rro u n d in g , non v e r t i c a l l y  moving a i r .  The buoyancy and 
th e  u p d r a f t  v e lo c i ty  a re  in c r e a s e d  i f  a j e t  s t r e a m  i s  p r e s e n t .  T h is  
u p d r a f t  i s  a f f e c te d  by C o r io l i s  w hich cau ses  th e  u p d r a f t  to  r o t a t e .
These r o t a t i n g  c louds can  b e  o b se rv ed  a t  th e  b a s e  o f  many th u n d e rs to rm s .
Once a  s tro n g  r o t a t i n g  u p d r a f t  i s  d ev e lo p ed  (n o t y e t  a  to r n a d o ) , 
h o r i z o n t a l  a i r  movement i s  r e s t r i c t e d  w ith in  t h e  v o r te x ,  and th e  v o r te x  
becomes s m a l le r  in  d ia m e te r  and more in te n s e .  S u rro u n d in g  wairm and 
m o is t lo w  le v e l  a i r  flow s upward and inw ard to w ard  th e  v o r te x  c e n t e r .  
R is in g  a i r  w ith in  th e  v o r te x  i s  r e p la c e d  by p r o g r e s s iv e ly  warmer a i r
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a t  low er l e v e l s  w h ich  f u r t h e r  i n t e n s i f i e s  th e  v o r te x . The s i z e  and
i n t e n s i t y  o f  th e  r e s u l t i n g  v o r te x ,  o r  to rn a d o ,  i s  th e r e f o r e  r e l a t e d
to  a tm o sp h e ric  c o n d i t io n s  b o th  w ith in  th e  ground la y e r  and th e  u p p e r
l a y e r s  o f  th e  a tm o sp h e re . The e x a c t r e l a t i o n s h i p s  a r e  n o t  c o m p le te ly
known (K e s s le r ,  1972 , 4 - 5 ) .
Once th e  to rn a d o  v o r te x  to u c h es  o r  n e a r s  th e  e a r t h 's  s u r f a c e
d e s t r u c t io n  i s  c au sed  by two m ajor f a c t o r s .  Wind speeds p ro b a b ly
a v e ra g e  ab o u t 125 m i le s  p e r  ho u r (201 km. /h o u r )  and may b e  in  some
to rn a d o e s  a s  h ig h  a s  400 m ile s  p e r  h o u r (644 km ./hou r) ( B a t ta n ,  1961 ,
6 1 ) .  T h is in  i t s e l f  can  cau se  m ajor d e s t r u c t io n  to  m ost b u i l d in g s .
In  a d d i t io n  to  th e  w in d , th e  r a p id  p r e s s u r e  d rop  w ith in  a  to rn a d o  i s
l a r g e  enough to  e x p lo d e  b u i ld in g s .  A b a ra g ra p h  t r a c e  o f  a  S t .  L o u is
to rn a d o  showed t h a t  an  a tm o sp h e ric  p r e s s u r e  d e c re a se  o f  2 .4 2  in c h e s
(6 1 .5  mm.) o f  m ercury  o c c u rre d  w ith in  l e s s  th a n  30 se c o n d s . T h is  i s
a  p r e s s u re  drop  o f  e i g h t  p e rc e n t  o f  no rm al a tm o sp h eric  p r e s s u r e .  W ith
su ch  a  r a p id  p r e s s u r e  d ro p , b u i ld in g s ,  e s p e c i a l l y  w ith  th e  d o o rs  and
windows c lo s e d ,  w i l l  d ev e lo p  p r e s s u re  in e q u a l i t y  o f n e a r ly  200 pounds
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p e r  sq u are  f o o t  (9 7 6 .4  KG/m ) .  I f  a  h o u se  had  c e i l in g  a r e a  o f  20 x  40
f e e t  (6 .1  m. x  1 2 .2  m. ) th e  fo rc e  e x e r te d  on i t  would b e  a p p ro x im a te ly
68 to n s  (6 1 .7  to n n e s )  (B a t ta n ,  1961, 5 8 ) .
G rea t v a r i a b i l i t y  i n  to rn ad o  p a th  s i z e s  o ccu rs  from  to rn a d o  to
to rn a d o  and r e g io n a l ly  w i th in  th e  U n ited  S ta t e s  (Howe, 1 9 7 4 ). The
a v e ra g e  p a th  a r e a  f o r  th e  C e n tra l Oklahoma s tu d y  a re a  was .5 1  s q u a re  
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m ile s  (1 .3 2  km ) r e s u l t i n g  from  a  181 y a rd  (1 6 5 .4  m e te rs )  a v e ra g e  w id th  
and a  4 .9  m ile s  (7 .8 8  km .) av e ra g e  p a th  le n g th .  T ornadoes w ere  r e p o r te d  
w i th in  th e  s tu d y  a r e a  how ever, w ith  le g n th s  a s  s h o r t  a s  100 y a rd  (191 .4  
m e te rs )  and a s  lo n g  a s  125 m ile s  (2 0 1 .1  k m .) . W idths v a r ie d  from  10
15
y a rd s  (9 .1 4  m .) to  880 y a rd s  (8 0 4 .3  m .) .  Howe (1 9 7 4 , 345) has 
r e p o r te d  t h a t  a v e ra g e  w id th  o f  p a th  ran g es  from  62 to  269 y a rd s
(5 6 .6 9  to  2 4 5 .9 7  m .) in  M aine and  T ennessee  r e s p e c t iv e l y  w ith  c o r r e s ­
pond ing  a v e ra g e  le n g th  ra n g e s  from  7 .1  to  1 .5  m ile s  (1 1 .4  to  2 .4  k m .) .
P o s s ib le  Tornado M o d if ic a tio n  T echn iques
The P a n e l  on W eather and C lim a te  o f  th e  N a tio n a l  Academy o f  
S c ie n c e s  r e p o r te d  in  1973 t h a t  " I n  view  o f  th e  f a c t  t h a t  to rn ad o e s  
r e p r e s e n t  su c h  a  s e r io u s  t h r e a t  to  l i f e  and p r o p e r ty ,  i t  i s  concluded  
t h a t  a  v ig o ro u s  program  o f  to rn a d o  re s e a rc h  sh o u ld  b e  mounted w ith  th e  
lo n g  ra n g e  g o a l  o f  d ev e lo p in g  an  e f f e c t i v e  means o f  m i t ig a t in g  th e  
d e s t r u c t io n  from  th e s e  s to rm s"  (C om m ittee, 1973, 6 2 ) .  The P an e l a l s o  
In d ic a te d  t h a t  th e  s c i e n t i f i c  community has been  r e l u c t a n t  to  s p e c u la te  
ab o u t m o d ify in g  to rn a d o e s , p a r t l y  b ecau se  th e  n a tu r e  o f  to rn ad o e s  i s  
n o t c o m p le te ly  known and p a r t l y  b e c a u se  o f  t h e i r  s m a l l  s i z e  and s h o r t  
l i f e  sp a n .
T h e o r e t i c a l  s p e c u la t io n  c o n c e rn in g  to rn ad o  m o d if ic a t io n  te c h n iq u e s  
co u ld  ta k e  th e  form  o f  d i r e c t  en e rg y  a d d i t io n  o r  s u b t l e  c o n t ro ls  on 
th e  e f f e c t  and d i s t r i b u t i o n  o f  n a t u r a l  e n e rg ie s .  T hese te c h n iq u e s  
co u ld  a l s o  b e  a p p l ie d  on a  m ic ro  o r  m e so -sc a le . A l l  " b r u te  fo rc e "  o r  
d i r e c t  en e rg y  a d d i t io n  m o d if ic a t io n  schemes on th e  meso o r  m ic ro sc a le  
a r e  c o s t  p r o h i b i t i v e .  An exam ple w i l l  i l l u s t r a t e  t h i s .  Tornadoes 
co u ld  b e  e l im in a te d  i f  th e  te m p e ra tu re  d i s t r i b u t i o n  i n  th e  atm osphere 
w ere changed  so t h a t  th e  low  l e v e l  warm m o ist a i r  d id  n o t  become 
c o n v e c t iv e ly  u n s ta b le  upon r i s i n g .  This, cou ld  be accom plished  by 
h e a t in g  th e  m id d le  la y e r s  o f  t h e  a tm osphere . Suppose to rn ad o e s  co u ld  
b e  e l im in a te d  by r a i s i n g  th e  te m p e ra tu re  o f th e  m id d le  la y e r  over a  
10 km. s q u a re  a r e a  by one d e g re e  c e n t ig r a d e .  The e n e r ^  re q u ire d
16
13w ould b e  6 X 10 c a l o r i e s  o r  e q u iv a le n t  to  80 m i l l i o n  k i lo w a t t  h o u rs  
o f  e l e c t r i c i t y .  At a  c o s t  o f  o n ly  one c e n t  p e r  k i l o w a t t  h o u r th e  t o t a l  
c o s t  o f  en e rg y  a lo n e  f o r  su ch  a p r o je c t  w ould b e  8 m i l l io n  d o l l a r s .
The c o s t  o f  d i r e c t  en e rg y  a d d i t io n s  o f a l l  ty p e s  g r e a t ly  exceeds th e  
e x p e c te d  damage lo s s e s  o f  m ost to rn a d o e s  ( K e s s le r ,  1972, 5 ) .
E l im in a t io n  o f  th e s e  d i r e c t  m ethods o f to rn ad o  m o d if ic a t io n  on t h e o r e t ­
i c a l  g rounds le a v e s  us w ith  man'^s a tte m p t to  c o n t r o l  th e  e f f e c t  and 
d i s t r i b u t i o n  o f  n a t u r a l  e n e r g ie s  by i n d i r e c t  m ethods on v a ry in g  s c a l e s .
A num ber o f  p l a u s i b le  te c h n iq u e s  e x i s t .
M eso sca le  changes in  th e  e f f e c t iv e n e s s  o f  s o l a r  r a d ia t io n  in p u t  
in  h e a t in g  th e  a tm osphere  can  d i r e c t l y  a f f e c t  th e  te m p e ra tu re  d i s t r i ­
b u t io n  w i th in  th e  a tm o sp h e re . T h is c o u ld , t h e r e f o r e ,  m odify to rn a d o  
o c c u r re n c e . S u rface  and lo w er la y e r  te m p e ra tu re  anom alies o v e r u rb an  
a r e a s  have been  w e ll  docum ented (Changnon, 1 9 7 1 ). These te m p e ra tu re  
ch anges in  u rb an  a re a s  a re  cau sed  by p a r t i c u l a t e  m a t te r ,  th e rm a l 
p o l l u t i o n ,  la c k  o f  e v a p o ra t iv e  m o is tu re ,  b u i ld in g s  and c o n c re te  
a c t in g  a s  h e a t  s to r a g e  d e v ic e s ,  and by s u r f a c e  a lb e d o  changes. The 
n e t  r e s u l t  o f  th e s e  u rb an  e f f e c t s  has been  to  in c r e a s e  th e  te m p e ra tu re  
o f  th e  a tm osphere a t  s u r f a c e  and  low er l e v e l s  and  th e re b y  in c r e a s in g  
th e  en e rg y  a v a i la b l e  f o r  th u n d e rs to rm  and to rn a d o  developm ent. P r e s e n t  
u rb an  te m p e ra tu re  changes may n o t  be  co n d u civ e  to  d e c re a s in g  to rn a d o  
o c c u r r e n c e s ,  b u t i t  does i l l u s t r a t e  t h a t  m an 's b u i ld in g  and e n g in e e r in g  
te c h n iq u e s  can  m odify te m p e ra tu re  d i s t r i b u t i o n s  s i g n i f i c a n t l y .
One o f  th e  m ost p ro m is in g  r e s u l t s  o f  r e s e a r c h  on man’ s in a d v e r te n t  
u rb an  te m p e ra tu re  m o d if ic a t io n  i s  th e  in fo rm a tio n  ga in ed  c o n c e rn in g  
th e  e f f e c t s  o f  s u r f a c e  a lb e d o e s  on te m p e ra tu re . I n  u rban  a r e a s  s o l a r  
r a d i a t i o n  a b s o rb tio n  i s  in c re a s e d  th e re b y  r a i s i n g  low  le v e l  te m p e ra tu re s .
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I t  i s  t h e o r e t i c a l l y  p o s s i b l e  to  m odify a  p o r t i o n  o f  th e  e a r t h ' s  
s u r f a c e  to  in c re a s e  r e f l e c t i o n  and th e r e f o r e  d e c re a se  th e  low  l e v e l  
te m p e ra tu re  by as  much a s  ^8*0 f o r  a  one p e r c e n t  d e c re a se  i n  s u r f a c e  
a lb e d o  (Manabe, 1967, 2 5 0 ) . Such r e l a t i v e l y  sm a ll changes may h av e  
some e f f e c t  on th u n d e rs to rm  o c c u rre n c e . T hese a lb ed o  changes c o u ld  
b e  acco m p lish ed  by m o d ify in g  s u r f a c e  c o lo r s  a n d /o r  s u r f a c e  ro u g h n e s s . 
S in c e  re s e a rc h  in d i c a te s  t h a t  sm a ll a lb e d o  changes r e s u l t  i n  f a i r l y  
l a r g e  low er l a y e r  te m p e ra tu re  c h an g e s , th e  a r e a  o f  s u r f a c e  a lb e d o  
m o d i f ic a t io n  need  n o t  b e  e x tre m e ly  l a r g e .  T h e re fo re ,  such  a  schem e 
may b e  eco n o m ica lly  f e a s i b l e .
S u rfa c e  m o d if ic a t io n  o f  a n o th e r  ty p e  c o u ld  a ls o  a f f e c t  to rn a d o  
o c c u r re n c e s  w ith o u t d e c re a s in g  th e  b e n e f i c i a l  r a i n f a l l  a s p e c ts  o f  
th u n d e rs to rm  o c c u rre n c e . S u rfa c e  f r i c t i o n  c o u ld  red u ce  th e  n e t  low 
l e v e l  a i r  convergence i n t o  a  to rn a d o . Low l e v e l  convergence  i s  
n e c e s s a ry  to  m a in ta in  th e  to rn a d o  sy stem . A lso  s u r fa c e  f r i c t i o n  r e ­
d u ces  th e  s p in n in g  m o tion  o f  to rn a d o e s  and m igh t r e t a r d  o r  e l im in a te  
t h e i r  developm ent. I t  i s  l i k e l y  t h a t  to rn a d o e s  seldom  o c c u r  i n  
m oun ta inous re g io n s  b e c a u se  o f  s u r f a c e  f r i c t i o n  (K e s s le r ,  1 9 7 2 , 7 ) .  
S u r fa c e  f r i c t i o n  may a l s o  b e  th e  c au se  o f  th e  a p p a re n t s p a r s i t y  o f  
to rn a d o e s  i n  l a r g e  u rb a n  a re a s  ( F u j i t a ,  1 9 7 3 , 8 3 ) . I n c r e a s in g  s u r f a c e  
f r i c t i o n  i s  p a r t i c u l a r l y  a t t r a c t i v e  s in c e  th e r e  co u ld  be  a  m u l t i ­
p u rp o s e  b e n e f i t .  L arg e  w in d m ills  w ould n o t  o n ly  p ro v id e  a  n o n - p o l lu t in g  
e n e rg y  s o u rc e , b u t w ould a ls o  d e c re a s e  th e  a v a i l a b l e  k i n e t i c  e n e rg y  
f o r  to rn a d o  developm ent. I t  i s  a l s o  l i k e l y  t h a t  i f  w ind pow er g e n e ra ­
t i o n  w ere  employed on a  la r g e  s c a le  i n  th e  f u tu r e  th e  l o g i c a l  s i t e s  
w ould  b e  n e a r  and aro u n d  u rb an  a re a s  w here th e  p o p u la tio n  and p r o p e r ty -  
a t - r i s k  to  th e  to rn a d o  h a z a rd  i s  g r e a t e s t .  Even w ith o u t u t i l i z a t i o n  o f
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w ind p o w er, m u ltip u rp o se  m ounds, r id g e s  o r  w ind  r é s i s t e n t  v e g e ta t io n  
s u r ro u n d in g  d e n se ly  in h a b i te d  a r e a s  ndgh t d e c r e a s e  th e  o c c u rre n c e  o f  
to rn a d o e s  (K e s s le r ,  1972, 7 ) .
M ic ro - s c a le  to rn ad o  m o d if ic a t io n  p o s s i b i l i t i e s  in v o lv e  th e  a r t i ­
f i c i a l  r e l e a s e  o f  l a t e n t  h e a t  o f  c o n d e n sa tio n  and f u s io n  by th e  
a d d i t io n  o f  h y d ro sco p ic  n u c l e i  to  a  p a r t i c u l a r  c lo u d .  A la r g e  p a r t  o f  
a  s to r m 's  en erg y  i s  d e r iv e d  from  th e  l a t e n t  h e a t  r e l e a s e d  to  th e  
su r ro u n d in g  env ironm ent when w a te r  o r  w a te r  v a p o r  changes to  i c e .  
T ech n iq u es  h av e  been  d ev e lo p ed  to  m odify t h i s  f r e e z i n g  and s u b lim a tio n  
p r o c e s s .  T hese te c h n iq u e s  a r e  s im i la r  to  th o s e  u se d  i n  r a i n f a l l  
au g m e n ta tio n . Under i d e a l  c o n d i t io n s  when s i l v e r  io d id e  o r  a n o th e r  
s im i l a r  s u b s ta n c e  i s  added to  th e  s u p e r -c o o le d  w a te r  d r o p le t  p o r t io n  
o f  a  c lo u d ,  th e  d r o p le t s  w i l l  f r e e z e  upon c o n ta c t  w ith  s i l v e r  io d id e  
and h e a t  w i l l  be r e le a s e d .  I f  th e  l i q u id  c o n te n t  o f  th e  c loud  i s  
two gram s o f  w a te r  p e r  k ilo g ra m  o f  a i r ,  th e  f r e e z i n g  w i l l  cau se  th e  
e n v iro n m e n ta l a i r  te m p e ra tu re  -to r i s e  abou t .6 °C . T h is  m agn itude o f  
te m p e ra tu re  change i s  g e n e r a l ly  la r g e  enough to  in c r e a s e  u p d ra f t  
deve lo p m en t and cau se  e x p lo s iv e  grow th ( K e s s le r ,  1972 , 8 ) .  In c re a s e d  
u p d r a f t  developm ent in c r e a s e s  th e  convergence  o f  warm m o ist a i r  from  
below  and  th u s  may p ro d u ce  h eavy  p r e c i p i t a t i o n  o v e r  a  sm a ll a r e a .
More im p o r ta n t ly  f o r  our p u rp o s e s ,  th e  e x p lo s iv e  grow th  o f  one c loud  
may h av e  an  a d v e rse  e f f e c t  on  su rro u n d in g  c lo u d s  o v e r  a  la r g e  a r e a  by 
f u n n e l in g  a l l  o f  th e  su rro u n d in g  low le v e l  a i r  i n t o  one c loud  (F lo h n , 
1969 , 2 2 1 ) .  Thus, a  s e l e c t i v e  te c h n iq u e  o f  c lo u d  se e d in g  m ight 
d e c re a s e  th e  number o f  to rn a d o e s  o c c u rr in g  from  a  g iv e n  th u n d e rs to rm  
c l u s t e r  o r  s q u a l l  l i n e .
19
R ain  a u g m en ta tio n  te c h n iq u e s ,  a l s o  u s in g  a r t i f i c i a l  h y g ro s c o p ic  
n u c l e i ,  have th e  p o t e n t i a l  to  m odify th u n d e rs to rm  d ev e lo p m en t, th e re b y  
d e c r e a s in g  th e  p r o b a b i l i t y  o f  to rn a d o e s . T hundersto rm s o c c a s io n a l ly  
h a v e  w e l l  dev elo p ed  u p d r a f t s  b e fo re  à  s i g n i f i c a n t  amount o f  p r e c i p i t a ­
t i o n  from s around and w ith in  th e  u p d r a f t .  T h e o r e t ic a l ly ,  th e  u p d r a f t  
i n  a  c lo u d  w ith  p r e c i p i t a t i o n  i s  l i k e l y  to  b e  w eaker th a n  i n  a  c lo u d  
w i th o u t  p r e c i p i t a t i o n  b e c a u se  o f  th e  f r i c t i o n a l  d rag  o f  th e  c o n d e n sa ­
t i o n  p ro d u c ts  ( K e s s le r ,  1972 , 4 ) .  P re su m ab ly , i f  r a i n f a l l  au g m en ta tio n  
te c h n iq u e s  w ere u sed  to  s t im u la te  c o n d e n s a t io n  b e fo re  v i o l e n t  u p d r a f t s  
w e re  formed i n  th u n d e rs to n n s ,  to rn a d o  o c c u re n c e s  would b e  re d u c e d .
A nother r e l a t i v e l y  w e l l  dev elo p ed  m ic r o - s c a le  to rn a d o  m o d if ic a t io n  
schem e was an o u tg ro w th  o f  th e  e l e c t r i c a l  th e o ry  o f  to rn a d o  fo rm a tio n  
(V onnegu t, 1960). The th e o ry  in v o lv e s  th e  o b s e rv a tio n  t h a t  t h e  
e x tre m e ly  h ig h  w ind v e l o c i t i e s ,  r e p o r te d ly  n e a r  Mach 1 ,  c a n n o t r e s u l t  
fro m  a i r  p re s s u re  g r a d ie n t s  a lo n e . I t  i s  su g g e s te d  t h a t  e l e c t r i c a l  
e n e rg y  " i s  coup led  to  th e  v o r te x  by a  s h e e re d  h o r iz o n ta l  c u r r e n t  f lo w , 
an d  t h a t  t h i s  s h e e re d  s t r e s s  f u r n is h e s  th e  r e q u ir e d  a n g u la r  momentum" 
(C o lg a te ,  1967, 1 4 3 1 ) . C o lg a te  i n d i c a t e s  t h a t  i f  th e  e l e c t r i c a l  
p o t e n t i a l  b u ild u p  w i th in  th u n d e rs to rm s  i s  d i s s ip a t e d  th e  i n t e n s i t y  and 
p o s s i b ly  th e  f re q u e n c y  o f  to rn a d o e s  w ould  b e  d e c re a se d . He f u r t h e r  
s u g g e s ts  t h a t  by th e  a d d i t io n  o f  2 k ilo g ra m s  o f  10 m e ter lo n g  aluminum 
c o a te d  w ire  p e r  c u b ic  k i lo m e te r  o f  c lo u d ,  th e  c o n d u c t iv i ty  o f  th e  
c lo u d  would b e  in c r e a s e d  to  th e  e x te n t  t h a t  th e  e l e c t r i c a l  p o t e n t i a l  
d i f f e r e n c e  would b e  n e a r ly  e l im in a te d .
F iv e  d i f f e r e n t  to rn a d o  m o d if ic a t io n  te c h n iq u e s  have b e e n  d is c u s s e d .  
T a b le  1 p r e s e n ts  a  summary o f  th e  f i v e  te c h n iq u e s  in  r e l a t i o n  t o  th e  
n e c e s s a r y  s c a le  o f  t h e  m o d if ic a t io n  o p e r a t io n ,  th e  to rn a d o  p a ra m e te r
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i n  th e  o r d e r  th e y  a r e  l i k e l y  to  b e  reduced  and th e  q u a l i t a t i v e  , r e l a t i v e  
c o s t  o f  su c h  an u n d e r ta k in g .
T ab lé  1
Summary o f  M o d if ic a t io n  T ech n iq u es  
M o d if ic a tio n  T echn ique  S c a le  P a ra m e te r
S u r fa c e  a lbedo
S u r fa c e  f r i c t i o n
E x p lo s iv e  grow th
R ain  au g m en ta tio n
E l e c t r i c a l  r e d u c t io n
meso
meso
m icro
m icro
m icro
f re q u e n c y , 
m a g n itu d e , 
i n t e n s i t y
i n t e n s i t y ,
m a g n itu d e ,
f re q u e n c y
f re q u e n c y ,  
m a g n itu d e , 
i n t e n s i t y
i n t e n s i t y ,
m a g n itu d e ,
fre q u e n c y
i n t e n s i t y ,
f r e q u e n c y ,
m ag n itu d e
C ost
m oderate
h ig h
low
low
low
The s c a l e  n e c e s s a ry  to  i n i t i a t e  a  g iv e n  m o d i f ic a t io n  te c h n iq u e  i s  
l i k e l y  t o  be  d i r e c t l y  r e l a t e d  to  th e  c o s t  o f  su c h  an  o p e ra t io n .
S u rfa c e  f r i c t i o n  change c o s t s  a r e  l i k e l y  to  b e  h ig h ,  b u t  cou ld  b e  
d im in is h e d  i f  th e s e  f r i c t i o n  r e d u c t io n  m ethods p ro d u ced  a d d i t io n a l  
b e n e f i t s .  A lso  th e  i n i t i a l  c o s t s  a r e  h ig h  b u t  o p e r a t in g  c o s ts  w ould 
be  n o n - e x i s t e n t .  S u rfa c e  a lb e d o  changes a r e  c o n s id e re d  to  be o f  
m o d e ra te  c o s t  b e c a u se  o f  th e  r e p o r te d  l a r g e  change  i n  low le v e l  
te m p e ra tu re s  a s s o c ia te d  w i th  s m a ll  a lb ed o  c h a n g e s . The m ic ro - s c a le  
C in d iv id u a l c lo u d ) te c h n iq u e s  w ould a p p a re n t ly  b e  r e l a t i v e l y  low  c o s t  
b e c a u se  o f  th e  n e c e s s i t y  f o r  o n ly  a  l im i te d  number o f  a i r c r a f t  to  
p la c e  a r t i f i c i a l  s u b s ta n c e s  in t o  c lo u d s . The t o t a l  a i r c r a f t  c o s t  
w ould n o t  need  to  be  c h a rg e d  o f f  to  w e a th e r  m o d i f ic a t io n  p u rp o ses
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s in c e  th e y  cou ld  b e  u se d  f o r  o th e r  d u t i e s  d u r in g  low to rn ad o  h a z a rd  
p e r io d s .
W eather m o d if ic a t io n  program s a r e  o p e r a t io n a l  in  many p a r t s  o f  th e  
U n ite d  S ta te s  to d a y . T hese program s can  s e r v e  a s  ap p ro x im ate  e s t im a te s  
o f  th e  c o s t  o f  m ic ro s c a le  ( in d iv id u a l  c lo u d )  m o d if ic a t io n .  I n  S o u th  
D ak o ta  a  j o i n t  r a i n  au g m e n tâ ti o n - h a i l  s u p p re s s io n  program  i s  now o p e ra ­
t i o n a l .  The program  c o v e rs  a  42 co u n ty  a r e a  and in v o lv e s  19 tw in  
e n g in e  a i r c r a f t  w ith  s p e c i a l l y  t r a in e d  p i l o t s .  S ix  ground r a d a r s  have 
b e e n  b u i l t  and a r e  manned by p r o f e s s io n a l  p e r s o n n e l .  The a n n u a l b u d g e t 
o f  th e  p r o je c t  i s  a p p ro x im a te ly  one m i l l i o n  d o l l a r s  o r  a b o u t 3 .4  c e n ts  
p e r  a c r e  (B ooker, 1 9 7 4 ) . U sing  t h i s  3 .4  c e n ts  p e r  a c re  f i g u r e ,  
w h ich  w ould p ro b a b ly  in c r e a s e  w ith  a  d e c re a s e  i n  coverage s i z e ,  
th e  e n t i r e  s tu d y  a r e a  c o u ld  b e  co v ered  by a  com parable p rogram  a t  a  
c o s t  o f  $313,000.
The a n t i c ip a te d  e f f e c t s  o f  th e s e  m o d if ic a t io n  te c h n iq u e s  i n d i c a t e  
t h a t  freq u en cy  i s  th e  m ost l i k e l y  to rn a d o  p a ra m e te r  to  b e  ch an g e d . On 
t h e o r e t i c a l  grounds a lo n e ,  we know t h a t  many s e v e re  th u n d e rs to rm s  do n o t 
p ro d u c e  to rn a d o e s . I f ,  th ro u g h  a c c u ra te  in s t r u m e n ta t io n ,  th e  a p p a re n t ly  
m in u te  d i f f e r e n c e s  b e tw een  to rn ad o  and  n o n - to rn a d o  p ro d u c in g  th u n d e r ­
s to rm s  a r e  i s o l a t e d ,  th e  a p p ro p r ia te  m o d i f ic a t io n  te c h n iq u e  t h e o r e t ­
i c a l l y  co u ld  be  a p p l ie d  to  re d u c e  th e  fre q u e n c y  o f  to rn ad o  fo rm a tio n  
o r  m odify t h e i r  m ag n itu d e  o r  i n t e n s i t y .
CHAPTER 3 
SIMULATION MODEL DEVELOPMENT 
The com pu ter s im u la t io n  m odel was d ev e lo p ed  u s in g  th e  r e l a t i v e l y  
s ta n d a rd  s t e p s  a s  d e f in e d  by N a y lo r  (N ay lo r, 1966) and  b r i e f l y  r e f e r r e d  
to  i n  C h a p te r  1 . These s te p s  in s u r e  t h a t ,  g iv e n  p ro p e r  t h e o r e t i c a l  
b a se  and e m p ir ic a l  d a ta ,  th e  m odel w i l l  be f u l l y  t e s t e d  a s  r e p re s e n t in g  
th e  r e a l  w o r ld  system  b e fo re  e x p e rim e n ts  a r e  c o n d u c ted  upon th e  m odel. 
T h is  model developm ent m ethod p ro c e e d s  from  th e  p re m ise  t h a t  th e  
r e s e a r c h e r  m ust have c o n f id e n c e  t h a t  th e  h i s t o r i c a l  m odel r e p r e s e n ts  
r e a l i t y  b e f o r e  any changes i n  th e  model o p e ra t in g  c h a r a c t e r i s t i c s  
w ould be  m e a n in g fu l. Many o f th e  fo llo w in g  s te p s  t e s t  th e  o p e ra t in g  
c h a r a c t e r i s t i c s  and model o u tp u t  a t  v a r io u s  s ta g e s  w ith  th e  e m p ir ic a l
h i s t o r i c a l  d a ta  to  in s u r e  th e  m o d e l 's  p e rfo rm an ce .
C o lle c t io n  and P ro c e s s in g  o f  R ea l W orld D a ta
T ornado d a ta  w ere c o l l e c t e d  f o r  a tw e n ty -y e a r  p e r io d ,  1954-1973,
from  two s o u r c e s — C lim a to lo g ic a l  D ata  f o r  th e  y e a r s  1954 th ro u g h  1958 
and S torm  D a ta  fo r  y e a rs  1959 th ro u g h  1973. The tw e n ty -y e a r  p e r io d  was 
ch o sen  p r im a r i ly  b ecau se  b e g in n in g  i n  1953 to rn a d o  r e p o r t i n g  became 
much more r e l i a b l e  w ith  th e  im p le m e n ta tio n  o f  s ta n d a r d iz e d  r e p o r t in g  
m ethods. T h u s , even though c o m p le te  in fo rm a tio n  i s  n o t  a v a i la b l e  f o r  
each  r e p o r te d  to rn ad o  and  some to rn a d o e s  a r e  n o t  r e p o r te d ,  th e  d a ta  
a r e  c o n s id e r a b ly  more com ple te  and a c c u ra te  a f t e r  1953 th a n  b e fo re  
1953 (A sp , 1 9 6 3 ). These p u b l i c a t i o n s  in c lu d e  in fo rm a tio n  on each  
r e p o r te d  to r n a d o ’ s tim e o f  o c c u r re n c e ,  le n g th  and w id th  o f  p a th ,  
p o in t  o f  touchdow n, d i r e c t i o n  o f  movement, and e s t im a te d  damage v a lu e s .
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T hese d a t a  w ere c o l le c te d  f o r  each  to rn ad o  to u c h in g  down w i th in . t h e  
s tu d y  a r e a .
The C e n tra l  Oklahoma s tu d y  a r e a  was chosen  b e c a u se  i t  i s  w i th in  
th e  a r e a  o f  h ig h e s t  to rn ad o  fre q u e n c y  in  th e  U n ite d  S ta t e s  (Thom, 1963, 
735) a n d , th e r e f o r e ,  may b e  th e  a r e a  w here p re lim in a iry  to rn ad o  modi­
f i c a t i o n  program s w i l l  be a t te m p te d .  The s tu d y  a r e a  was a lso  chosen  
b e c a u se  o f  th e  f a m i l i a r i t y  o f  th e  r e s e a r c h e r  w i th  th e  a r e a ,  r e n d e r in g  
m ore e f f i c i e n t  d a ta  c o l l e c t i o n .  The a c tu a l  s tu d y  a r e a  i s  by no means 
c r i t i c a l  t o  th e  re s e a rc h  p ro b lem . Any s tu d y  a r e a  w h ere  to rn ad o  
f re q u e n c y  i s  s u f f i c i e n t l y  h ig h  to  produce an  a d e q u a te  s a n ç le  co u ld  
hav e  b een  u sed  to  c a r ry  o u t t h e  r e s e a r c h .
The lo c a t io n  o f  each  to rn a d o  touchdown was mapped and i s  d is p la y e d  
i n  F ig u re  2. P a th  le n g th  and w id th  and d i r e c t i o n  o f  to rn ad o  movement 
a r e  a l s o  i l l u s t r a t e d  i n  F ig u re  2 . P a th  le n g th ,  w id th ,  and d i r e c t i o n  o f  
movement d a ta  w ere n o t a v a i l a b l e  f o r  a  sm a ll p e r c e n ta g e  o f  th e  r e p o r te d  
to r n a d o e s .  Of th e  285 to rn a d o e s  r e p o r te d  i n  t h e  s tu d y  a r e a ,  67% 
in c lu d e d  w id th  in fo rm a tio n , 84% le n g th  in fo rm a tio n  and 72% d i r e c t io n  
in f o r m a t io n .  P a th  le n g th  was o c c a s io n a lly  g iv e n  a s  " s h o r t .  " In  th e s e  
i n s t a n c e s  th e  le n g th  was re c o rd e d  a s  .20  m ile s  ( .3 2  K m .). A f te r  a l l  
to rn a d o  d a ta  was c o l l e c t e d ,  i t  was a p p a re n t t h a t  t h i s  v a lu e  was 
d e f i n i t e l y  n e a r  th e  s h o r t e s t  le n g th  th a t  i s  e v e r  r e p o r te d .  P a th  w id th  
was o c c a s io n a l ly  re p o r te d  a s  "n a rro w ."  The w id th  was th e n  re c o rd e d  as  
50 y a rd s  (4 5 .7  m .) .  S im i la r  to  " s h o r t"  abo v e , 50 y a rd s  (45 .7  m .) was 
d e f i n i t e l y  n e a r  th e  s m a l le s t  to rn ad o  w id th s  r e p o r te d .  "Touch" was 
som etim es used  to  r e p r e s e n t  p a th  s iz e s  and in  t h i s  c a s e  th e  a v e ra g e  
w id th  o f  th e  to rn ad o e s  in  t h e  e n t i r e  s tu d y  a r e a ,  181 y a rd s  (1 6 5 .5  m .) 
was re c o rd e d  fo r  th e  w id th  and  th e  le n g th .
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The s tu d y  a r e a  was su b d iv id e d  in t o  16 t h i r t y - m i l e  s q u a r e . r e g io n s .  
The s i z e  o f  th e  q u a d ra ts  was b ased  on th e  n e c e s s i t y  o f  t h e o r e t i c a l  
f re q u e n c y  d i s t r i b u t i o n s  to  d e s c r ib e ,  th e  a n n u a l f re q u e n c y . T hese  
d i s t r i b u t i o n s  a r e  v e ry  s e n s i t i v e  to  q u a d ra t  s i z e  and th ro u g h  t r i a l  
and  e r r o r  m ethods th e  30 s q u a re  m ile  s i z e  was ch o sen  o v e r o th e r s  
a t te m p te d .  T h is  s u b d iv is io n  was n e c e s s a ry  to  r e t a i n  th e  p a t t e r n  o f  
v a r i a t i o n s  o f  to rn a d o  f re q u e n c y  w ith in  th e  s tu d y  a r e a .  F requency  
p a t t e r n s  w ere im p o r ta n t  to  t h i s  s tu d y  b e c a u se  th e  com puter s im u la t io n  
w as developed  to  r e p r e s e n t  th e  " r e a l  w o rld "  a s  a c c u r a te ly  a s  p o s s i b le .  
V a r ia t io n  o f fre q u e n c y  was a l s o  n e c e s s a ry  to  ap p ro x im a te  th e  b e n e f i t  
o f  f u tu r e  to rn ad o  p a ra m e te r  m o d if ic a t io n s  b e c a u se  damage v a lu e  i s  a 
f u n c t io n  o f  n o t  o n ly  p r o p e r t y - a t - r i s k  b u t  a l s o  to rn a d o  fre q u e n c y .
E s tim a tio n  o f  P a ra m e te rs  o f O p e ra tin g  C h a r a c t e r i s t i c s  
from  th e  R eal W orld D a ta
The b e g in n in g  s t a g e  o f  th e  a c tu a l  com puter s im u la t io n  m odel 
developm en t in v o lv e s  d e c i s io n s  c o n c e rn in g  th e  v a r i a b le s  to  b e  in c lu d e d  
i n  th e  m odel. S in c e  to r n a d o e s ,  l i k e  o th e r  n a t u r a l  h a z a rd s ,  have  th r e e  
p a ra m e te rs  c o n t r o l l i n g  th e  e x te n t  o f  t h e  h a z a r d ,  th e  m odel m ust c o n ta in  
v a r i a b l e s  r e p r e s e n t in g  th e s e  p a ra m e te rs .  T h e r e f o re ,  th e  m ajo r v a r i a b l e s  
u se d  i n  t h i s  m odel w ere  (1 ) freq u en cy  o f  to rn a d o  o c c u rre n c e  f o r  th e  
e n t i r e  s tu d y  a r e a  and f o r  each  q u a d ra t ;  (2) m a g n itu d e , d e f in e d  a s  th e  
p a th  a r e a ;  (3) i n t e n s i t y , d e f in e d  d i r e c t l y  a s  w ind speed  and i n d i r e c t l y  
a s  th e  p ro p o r t io n  o f  damage to  an a v e ra g e  s t r u c t u r e .  B ecause o f  th e  
n e c e s s i t y  o f  r e p r e s e n t in g  th e  r e a l  w o rld  i n  t h e  m odel, d i r e c t i o n  o# 
to rn a d o  movement was in c lu d e d  as  a  v a r i a b l e .
Summary c h a r a c t e r i s t i c s  o f  th e s e  v a r i a b l e s  a r e  n e e d e d .to  s e rv e  
a s  in p u ts  in to  th e  co m pu ter s im u la t io n  m odel. I t  was n e c e s s a ry  to
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" f i t "  e i t h e r  e m p ir ic a l  o r  t h e o r e t i c a l  freq u en cy  d i s t r i b u t i o n s  to  th e  
o b se rv e d  d a t a .  D isc u ss io n s  o f  cu rv e  f i t t i n g  d e a l  p r im a r i ly  w ith  th e  
p ro b lem  o f  th e o ry  developm ent a f t e r  a  g iv e n  t h e o r e t i c a l  d i s t r i b u t i o n  h a s  
b een  " f i t "  t o  th e  e m p ir ic a l  d a t a .  K ing (1969 , 59) in d i c a te s  t h a t  f o r  
Monte C a rlo  s im u la t io n s ,  p r o b a b i l i t y  m odels may o f  n e c e s s i t y  be  u sed  
to  d e s c r ib e  many f e a tu r e s  o f  r e a l t i y  w ith  w eakly  s t r u c t u r e d  th e o ry  o r  
w ith  none a t  a l l .  When t h e o r e t i c a l  d i s t r i b u t i o n s  can  be  f i t  to  th e  
d a t a ,  th e  r e s u l t i n g  model in p u t s  r e p r e s e n t  sam p lin g  from  th e  raw 
d a t a 's  t h e o r e t i c a l  c o u n te r p a r t  in s te a d  o f  c l a s s i c a l  sam p ling  from  th e  
raw  d a t a  (N a y lo r , 1966, 6 9 ) . T h is  i s  more a c c e p ta b le  to  most com puter 
s im u la t io n s  b e c a u se  an  i n f i n i t e  number o f  sam ples a r e  th e n  a v a i l a b l e .
F requency  P a ram e te rs
A nnual to rn ad o  f r e q u e n c ie s  have been  shown by Thom (1963, 734) to  
f i t  t h e  n e g a t iv e  b in o m ia l d i s t r i b u t i o n  i n  a  s i x  c o u n ty  C e n tra l Iowa 
s tu d y  a r e a .  Thom's s tu d y  a r e a  was s m a lle r  th a n  th e  one employed in  
t h i s  s tu d y  and, even though  th e  tim e  p e r io d  was tw ic e  a s  la rg e  (40 
y e a r s ) ,  th e  number o f  to rn a d o e s  to u c h in g  down was o n ly  41 . In  th e  
Oklahoma s tu d y  a r e a ,  u sed  h e r e ,  285 to rn a d o e s  w ere  r e p o r te d .  The 
a n n u a l f r e q u e n c ie s  f o r  th e  tw en ty  y e a r  p e r io d  f o r  th e  e n t i r e  s tu d y  
a r e a  a r e  shown in  T ab le  2 .
The n e g a t iv e  b io n o m ia l d i s t r i b u t i o n  i s  c h a r a c te r i z e d  by a  s t a n ­
d a rd  d e v ia t io n  th a t  i s  l a r g e r  th a n  th e  mean (W illiam so n  and B r e th e r to n ,  
1963 , 9 ) .  I n  t h i s  c a se  th e  mean an n u a l to rn a d o  fre q u e n c y  was 14 .25  
and th e  s ta n d a r d  d e v ia t io n  w as 7 .0 3 . When th e  s ta n d a r d  d e v ia t io n  i s  
l e s s  th a n  th e  mean th e  m ethod o f  moments e s t im a te r  o f  p a ram ete r p i s  
n o t  a p p l i c a b l e  b ecau se  th e  p v a lu e  ( p r o b a b i l i ty )  w ould be  g r e a te r  th a n
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o n e . Harvey (1966 , 88) e s t im a te s  th e  p a ra m e te rs  o f  th e  n e g a t iv e  
b in o m ia l d i s t r i b u t i o n  b y  u s in g  an i t e r a t i v e  s o lu t io n  b ased  on th e  p ro ­
p o r t i o n  o f  z e ro s .  T h is  method i s  a l s o  n o t  a p p r o p r ia te  a s  z e ro s  a r e  
n o t  p r e s e n t  in  th e  e m p ir ic a l  freq u en cy  d i s t r i b u t i o n .  O th er d i s t r i b u ­
t i o n s  w ere a t te m p te d  t o  b e  f i t  to  th e  a n n u a l freq u en cy  d a t a .
T ab le  2 
A nnual Tornado F re q u e n c ie s
Frequency Y ear F requency Y ear
29 1957 13 1955
27 1960 10 1956
23 1961 10 1967
23 1965 9 1962
18 1963 9 1964
17 1954 8 1966
17 1970 8 1969
17 1973 7 1958
16 1959 5 1971
15 1968 4 1972
The an n u a l f re q u e n c y  d a ta  w ere p l o t t e d  on norm al p r o b a b i l i t y  
p a p e r  and had a  concave upward s lo p e  w hich  i s  c h a r a c t e r i s t i c  o f  th e  
lo g n o rm a l d i s t r i b u t i o n .  Common lo g a r i th m s  (Log^g) o f  th e  tw e n ty  an n u a l 
f r e q u e n c ie s  w ere ta k e n  and th e  lo g ^ ^  mean was 1 .096  and th e  s ta n d a r d  
d e v ia t io n  was .2396 . Even though th e  lo g n o rm a l d i s t r i b u t i o n  i s  a  
c o n tin u o u s  d i s t r i b u t i o n  and an n u a l f r e q u e n c ie s  a r e  o b v io u s ly  d i s c r e t e ,  
i t  was f e l t  t h a t  th e  lo g n o rm al d i s t r i b u t i o n  w ould r e p r e s e n t  t h e  d a ta  
a s  w e l l  as  any d i s c r e t e  t h e o r e t i c a l  d i s t r i b u t i o n .
N eg a tiv e  b in o m ia l p a ra m e te r s ,  p and k  w ere c a lc u la te d  f o r  th e  
a n n u a l f re q u e n c ie s  f o r  each  o f  th e  16 in d iv id u a l  q u a d ra ts .  The method
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o f  moments e s t im a te s  fo r  th e  p a ra m e te r s  o f  th e  b in o m ia l  d i s t r i b u t i o n  
w ith  a  g iv e n  mean (x) and s ta n d a rd  d e v ia t io n  ( s )  a r e :
3
and
k  = ^  C3)
w here q = 1 -  p (W illiam son and B r e th e r to n ,  1963 , 1 2 ) .
L eng th  and W idth
Thom (1963 , 731) has a l s o  shown t h a t  th e  l e n g th  and  w id th  o f  p a th  
d i s t r i b u t i o n s  f i t  th e  logno rm al d i s t r i b u t i o n .  The common lo g a r i th m  o f  
100 sam pled  le n g th  and w id th  v a lu e s  was ta k en  and  th e  p a ram e te rs  o f  th e  
lo g n o rm al d i s t r i b u t i o n ,  th e  mean and s ta n d a rd  d e v ia t io n  w ere c a l c u la te d .  
The mean le n g th  in  log^^ m ile s  e q u a le d  - .0 1 6 7 , and th e  s ta n d a rd  d e v ia ­
t i o n  o f  th e  le n g th s  In  log^g  m i le s  was .8116 . The mean and s ta n d a rd  
d e v ia t io n  o f  th e  w id th s  In  lo g ^ g  y a rd s  w ere 1 .9 5 1  and  .4257 r e s p e c t iv e l y .  
The r e l a t i o n s h i p  betw een th e  l e n g th  and  w id th  o f  to rn a d o e s  was n eed ed  
In  o rd e r  to  In s u re  a c c u ra te  com pu ter s im u la tio n  r e p r e s e n ta t io n .  
I n t u i t i v e l y  one would ex p ec t t h a t  le n g th  and w id th  a r e  n o t  in d e p e n d e n t.
A to rn a d o  t h a t  has  s u s ta in e d  I t s e l f  o v e r a g r e a t  l e n g th  I s  l i k e l y  t o  
have a  l a r g e  d ia m e te r  (p a th  w id th ) . L arge d ia m e te r  to rn a d o e s  have 
l a r g e  volum es o f  converg ing  low  l e v e l  a i r  t h a t  w ould  b e  l e s s  s e n s i t i v e  
to  d i s r u p t i o n  th a n  sm a lle r  d ia m e te r  to rn a d o e s . A s im p le  r e g re s s io n  
was com puted f o r  100 random ly s e l e c t e d  to rn ad o e s  h a v in g  re p o r te d  p a th  
le n g th  and  w id th  v a lu e s .  The c o r r e l a t i o n  c o e f f i c i e n t  was s t a t i s t i c a l l y  
s i g n i f i c a n t  a t  th e  .01  l e v e l ,  t h e r e f o r e ,  we can  c o n c lu d e  w ith  99% 
c o n f id e n c e  t h a t  th e re  I s  s i g n i f i c a n t  p o s i t i v e  c o r r e l a t i o n  betw een th e  
le n g th  and  w id th  o f to rn ad o e s  I n  th e  s tu d y  a r e a .  The r e g re s s io n  e q u a t io n
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p r e d i c t i n g  to rn ad o  p a th  w id th  (y) g iv en  a  c e r t a i n  p a th  le n g th  (x )  was
y = 1 3 4 .7  + 5 .4 1 x  +  e  C4)
2
The c o e f f i c i e n t  o f  d e te r m in a t io n ,  r  , was .2 0  in d i c a t i n g  t h a t  o n ly  20 
p e r c e n t  o f  th e  v a r i a t i o n  in  p a th  w id th  was a s s o c ia te d  w i th  th e  v a r i a t i o n  
in  p a th  le n g th .  B ecause  s i g n i f i c a n t  p o s i t i v e  c o r r e l a t i o n  was p r e s e n t ,  
t h e  e r r o r  te rm , e ,  becom es e x t re n ë lÿ  im p o r ta n t  i n  p r e d ic t in g  p a t h  
w id th .  The e r r o r  te rm  o r  r e s id u a l ,  e ,  was assum ed to  be  n o rm a lly  
d i s t r i b u t e d  w ith  a mean o f  z e ro  (P oo le  and  O 'F a r r e l l ,  19 7 1 , 1 4 8 ) .
The r e s id u a l s  w ere p l o t t e d  on a  f r a c t i l e  d ia g ra m  and w ere  found  to  be 
n o rm a lly  d i s t r i b u t e d .  The mean o f  th e  r e s i d u a l s  was .0059 y a r d s .  
S im u la tio n  o f  th e  to rn a d o  w id th , y ,  g iv e n  a  s p e c i f i c  to rn a d o  le n g th  (x) 
was accom plished  by u s in g  th e  p r e d ic t io n  e q u a t io n ,  and by random ly 
sa m p lin g  a  norm al d i s t r i b u t i o n  w ith  a  mean o f  .0059 and a s ta n d a r d  
d e v i a t io n  o f  150 .08  to  c a l c u l a t e  th e  e r r o r  te rm .
I n t e n s i t y
Tornado i n t e n s i t y  (w ind speed) d a ta  a r e  v e ry  d i f f i c u l t  t o  o b ta in  
b e c a u se  o f  in f r e q u e n t  o c c u r re n c e  and h ig h  w ind  speeds t h a t  a r e  g e n e ra l ly  
g r e a t e r  th a n  s ta n d a r d  anem om eters can r e c o r d .  D ata t h a t  a r e  a v a i l a b l e  
a r e  i n d i r e c t l y  d e r iv e d  by s t r u c t u r a l  e n g in e e r s  s tu d y in g  th e  damage 
c a u s e d  by to rn a d o e s . B ased on th e s e  damage p a t t e r n s  F u j i t a  (1 9 7 3 , 59) 
h a s  d ev e lo p ed  th e  F u j i t a - s c a l e  ( F - s c a le ) .
T hree  y e a rs  o f  to rn a d o e s  in  th e  U n ite d  S t a t e s ,  1955, 1 9 7 1 , and 1972 
h a v e  b een  e v a lu a te d  u s in g  th e  F '-sca le  (^ F u jita , 1973, 6 0 ) .  The F - s c a le  
i s  d e s ig n e d  to  be  s im p le  enough fo r  an  e a s y  a sse ssm en t o f  a l l  to rn a d o e s . 
C a te g o r iz a t io n  o f  a l l  to rn a d o e s  i s  d e s i r e d  r a t h e r  th an  a s s e s s i n g  a  
l i m i t e d  number o f  s to rm s  i n  a  s c a le  w ith  ex tre m e  a c c u ra c y .
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The a c t u a l  c a t e g o r i z a t io n  o f  to rn a d o e s  i n  th e  F - s c a le  i s  accom­
p l i s h e d  by com paring s t r u c t u r a l  damage w ith  r e f e r e n c e  p h o to g rap h s  
d i s t r i b u t e d  to  th e  U. S. W eather S e rv ic e  and  o th e r s  ( F u j i t a ,  19 7 3 , 5 9 ) .  
T hese  p h o to g ra p h s  w ere shown to  th r e e  e x p e r ie n c e d  h o u s in g  in s u ra n c e  
a d j u s t e r s  (A d ju s te r s ,  1 9 7 4 ). A l l  f e l t  c o n f id e n t  t h a t  F -3 , 4 ,  and  5 
p h o to g ra p h s  i l l u s t r a t e d  100% o r  t o t a l  l o s s .  One a d j u s t e r  c o n s id e re d  
th e  F -2  damage to  be  100% w h ile  th e  o th e r s  n o te d  p a r t  o f  th e  ro o f  was 
s t i l l  p r e s e n t  and e s t im a te d  th e  l o s s  to  b e  l e s s  th a n  t o t a l .  The
a d j u s t e r s  e v a lu a te d  th e  F -1  p h o to  as h a v in g  20, 25 and 30 p e rc e n t  damage.
The a v e ra g e  r e s u l t s  o f  th e s e  in t e r v ie w s ,  th e  F - s c a le  w ind sp eed  e q u i­
v a l e n t s ,  and th e  av e ra g e  fre q u e n c y  o f  to rn a d o e s  c a te g o r iz e d  in  eac h
F - s c a le  o v e r  th r e e  y e a rs  i s  found  in  T ab le  3.
T ab le  3 
F -S c a le  f o r  Damaging Wind
S c a le MPH F requency-U . S . P e rc e n t  o f
FO 40-72 20% 1%
F I 73-112 45% 25%
F2 113-157 25% 85%
F3 158-206 8% 100%
F4 207-260 1.9% 100%
F5 261-318 .1% 100%
The d i r e c t io n  f r e q u e n c ie s  o f  a l l  to rn a d o e s  in  th e  s tu d y  a r e a  w ere 
d e te rm in e d  and i s  in c lu d e d  i n  a  p a ra m e te r  summary t a b l e ,  T ab le  4 .
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T a b le  ^
T ornado  P a ra m e te r  Summary T ab le  
F req u en cy  M agnitude
E n t i r e  S tudy  A rea  L eng th
Lognorm al D i s t r i b u t i o n
X = 1.096 ( l O g ^ g ) X = .0167 log^Q m iles
s =  .2396 ( l O g ^ g ) s = .8816 log^Q m iles
In d iv id u a l Q uadrats Width
N egative Binomial D is tr ib u tio n
Q uadrat £ k P red ica ted  in  yards from
( 1 . 1) .73 1.9 len g th  (x) by equation ;
(1 ,2 ) .39 .36 y = 134.7 + 5 .41x + e,
(1 ,3 ) .86 6.0 where e is  norm ally d i s ­
( 1 , 4 ) .89 4 . 9 t r ib u te d  w ith param eters
(2 ,1 ) .81 3.1 X =  .0059
(2 ,2 ) .84 7.0 S =  150.08
(2 ,3 ) .84 1.8 In te n s ity
(2 ,4 ) .73 1.9 F -sca le  Freq. Percent
( 3 , 1 ) .50 1.4 U. S. Damage
(3 ,2 ) .50 1 .5 FO 20^  1
(3 .3 ) .92 14.9 FI 45^ 25
(3 .4 ) .79 3 . 8 F2 25^ 85
(4 , 1) .70 1.3 F3 8^  100
(4 , 2) .88 6.1 F4 1 .9^ 100
(4 , 3 ) .67 1 .9 F5 . 1% 100
(4 ,4 ) .88 6.1
Lognorm al D i s t r i b u t io n
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T ab le  4 CContinued)
D ir e c t io n  6 f  Movement
NE. 62%
N 18%
E 9%
SE 6%
S 3%
SW  2%
E v a lu a tio n  o f  th e  M odel and P aram e te r E s tim a te s
T h is  s t e p  in  th e  s im u la t io n  p ro c e d u re  r e p r e s e n t s  th e  f i r s t  s ta g e  
in  t e s t i n g  th e  in p u t p a ra m e te rs  t o  th e  com puter s im u la t io n .  The t e s t s  
in s u r e  t h a t  th e  p a ram e te rs  r e p r e s e n t  th e  o b je c t  sy s tem  w e l l ,  e n a b l in g  
c o n f id e n c e  to  b e  p la c e d  on th e  s im u la te d  o u tp u t .  The e v a lu a t io n s  
o f  th e  p a ra m e te r  e s t im a te s  w ere in  th e  form o f  goodness o f  f i t  t e s t s  
t h a t  t e s t  th e  observed  d i s t r i b u t i o n s  w ith  th e  t h e o r e t i c a l  d i s t r i b u t i o n s  
t h a t  w ere  f i t  to  th e  d a ta .  The t h e o r e t i c a l  d i s t r i b u t i o n  can be re g a rd e d  
a s  a  "straw m an" which was used  to  d e te rm in e  th e  d e g re e  to  w hich th e  
o b se rv e d  d i s t r i b u t i o n  d e p a r ts  fro m  th e  t h e o r e t i c a l  d i s t r i b u t i o n  (Y e a te s ,  
1 9 7 4 , 1 9 9 ) . T hree m ajor t e s t s  a r e  commonly u sed  f o r  t e s t i n g  goodness 
o f  f i t ;  C h i- s q u a re ,  K olm ogorov-Sm im ov, and f o r  n o rm al d i s t r i b u t i o n ,  
f r a c t i l e  d iag ram s.
The lo g n o rm al d i s t r i b u t i o n  r e p r e s e n t in g  a n n u a l freq u en cy  d a ta  in  
th e  s tu d y  a r e a  was t e s t e d  by u s in g  a  f r a c t i l e  d iag ram . F r a c t i l e  d iag ram s 
a r e  b a se d  on th e  f a c t  t h a t  a  n o rm a l d i s t r i b u t i o n  form s a  s t r a i g h t  l i n e  
when p l o t t e d  on p r o b a b i l i t y  p a p e r .  T h e re fo re , th e  t h e o r e t i c a l  d i s t r i ­
b u t io n  can  b e  r e p re s e n te d  a s  a  s t r a i g h t  l i n e  r e p r e s e n t in g  a  c a lc u la te d  
mean and s ta n d a rd  d e v ia t io n  from  th e  e m p ir ic a l  d a t a .  C onfidence l i m i t s  
can  b e  p la c e d  around th e  t h e o r e t i c a l  d i s t r i b u t i o n  l i n e  by u s in g  th e  f o m u l a
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f o r  th e  s ta n d a rd  e r r o r  o f  p ro p o r tio n
C .L . (PQ/N)^^^CZ) (5 )
w here  P e q u a ls  th e  c u m u la tiv e  fre q u e n c y . a t  any  p o in t  o f  th e  t h e o r e t i c a l  
d i s t r i b u t i o n ,  Q e q u a ls  1 -  P , N i s  th e  number o f  o b s e rv a tio n s  and Z i s  
th e  c o n f id e n c e  l e v e l .  When p l o t t e d ,  th e  e m p i r ic a l  d a ta  p o in t s  sh o u ld  
random ly v a ry  around th e  t h e o r e t i c a l  d i s t r i b u t i o n  and be w i th in  th e  
s e l e c t e d  c o n fid e n c e  l i m i t s  p a r t i c u l a r l y  n e a r  th e  m idd le  o f  th e  d i s ­
t r i b u t i o n  (H ald , 1952 , 1 3 1 ). A f r a c t i l e  d ia g ra m  o f  th e  e n t i r e  s tu d y  
a r e a  a n n u a l f re q u e n c ie s  i s  shown in  F ig u re  3 . The e m p ir ic a l  d a ta  
p o in t s  a r e  a l l  w i th in  th e  95 p e rc e n t c o n f id e n c e  l i m i t s  and we can  
c o n c lu d e  t h a t  th e  lo g n o rm al d i s t r i b u t i o n  a d e q u a te ly  r e p re s e n ts  th e  
a n n u a l freq u en cy  d a ta .
F ig u re  4 i s  a f r a c t i l e  d iagram  o f 100 le n g th  sam ples. When t h i s
f r a c t i l e  d iagram  was f i r s t  p lo t t e d  i t  was o b v io u s  t h a t  s ix te e n  p a th
le n g th s  r e p o r te d  as  .2  m ile s  and tw elve p a th  le n g th s  re p o r te d  a t  .1
m ile s  cau sed  some o f  th e  d a ta  p o in ts  to  f a l l  o u t s id e  th e  c o n f id e n c e
l i m i t s .  S in c e  n e a r ly  a l l  t h e  p a th  le n g th s  a r e  e s t im a te s  i t  i s  o b v io u s  
t h a t  th e y  te n d  to  oe made in  "round" nuafcers. The a c tu a l  le n g th s
p ro b a b ly  v a ry  no rm ally  ab o u t th e  e s t im a te d  le n g th  v a lu e .
The numerous .2  and .1  m ile  v a lu e s  w ere n o rm a lly  d i s t r i b u t e d ,  
w i th  th e  s ta n d a rd  d e v ia t io n  b a se d  on th e  d i s t r i b u t i o n  o f  r e p o r te d  v a lu e s  
a ro u n d  th e s e  v a lu e s .  For exam ple, th e r e  w ere f i v e  .25  v a lu e s  and one .125 
v a lu e  a d ja c e n t  to  th e  .2  v a lu e s .  The s ta n d a rd  d e v ia t io n  o f  t h i s  f r e ­
quency  d i s t r i b u t i o n  was c a lc u la te d  and u sed  to  n o rm a lly  d i s t r i b u t e  th e  
s ix te e n  .20  v a lu e s .  A s im i l a r  p ro ced u re  was u se d  f o r  th e  tw e lv e  .1  
v a lu e s .  F ig u re  4 i s  t h e r e f o r e  a  f r a c t i l e  d iag ram  o f  100 le n g th  sam ples 
w i th  n o rm a lly  d i s t r i b u t e d  .2 0  and .10 m ile  l e n g th  e s tim a . ': . S in c e  a l l
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Figure 3
ANNUAL FREQUENCY-STUDY AREA
Frequency
(log,o)
UH
1.2 H
1.0 H
■8H
Lofl 10*
X = 1.10
.05•6H
.90 .98 .999.50.01 .10.001
P ro b ab ility
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Figure 4
PATH LENGTHS
Length 
miles ( log ,g)
2.0 H
1.0-^
oH
- 1.0 4
X -  -  .0167
- 2.0  4 n *100
T "1 I I I  n i l  
.01 .5.002 20 .40 .60 .80 .95 ,999.99
Probability
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t h e  d a t a  p o in t s ,  e x c e p t two n e a r  th e  m arg in s o f  th e  d i s t r i b u t i o n ,  a r e  
w i th in  th e  95 p e rc e n t c o n f id e n c e  l im i t s  we can  co n c lu d e  , t h a t  th e  lo g ­
n o rm a l d i s t r i b u t i o n  a c c u r a te ly  r e p r e s e n ts  th e  l e n g th  o f  pa th . d a t a .
The K olm ogorov-Sm im ov goodness o f  f i t  t e s t  was used  to  t e s t  
th e  o b s e rv e d  in d iv id u a l  q u a d ra t  freq u en cy  d i s t r i b u t i o n s  w ith  th e  
t h e o r e t i c a l  n e g a t iv e  b in o m ia l  d i s t r i b u t i o n .  T h is  t e s t  was chosen  
o v e r  th e  m ore commonly u sed  c h i - s q u a re  t e s t  b e c a u se  i t  t r e a t s  in d iv id u a l  
o b s e r v a t io n s  s e p a r a te ly  and th u s  does n o t  lo s e  in fo rm a tio n  a s  does 
th e  c h i - s q u a r e  t e s t  when i t  i s  n e c e ss a ry  to  com bine c e l l s  w ith  low  
f r e q u e n c ie s .  The K olm ogorov-Sm im ov t e s t  o n ly  c o n s id e r s  t h a t  p a r t  
o f  th e  cu m u la tiv e  fre q u e n c y  d i s t r i b u t i o n  h a v in g  th e  g r e a t e s t  a b s o lu te  
d i f f e r e n c e  (d) from th e  t h e o r e t i c a l  d i s t r i b u t i o n .  In  r e a l i t y ,  th e n ,  
o n ly  th e  ex trem e was t e s t e d .  B ut c o n c e p tu a l ly ,  i f  th e  f i t  i s  a c c e p ­
t a b l e  a t  t h i s  p o in t  in  th e  cu m u la tiv e  d i s t r i b u t i o n ,  i t  w i l l  be  a c c e p ­
t a b l e  everyw here  e l s e .  M assey (1951, 76) s t a t e s  t h a t  in fo rm a tio n  
g a th e re d  " su g g e s ts  t h a t  t h e  d - t e s t  may b e  alw ays more p o w erfu l th a n  
c h i - s q u a r e  t e s t s :  when g ro u p in g  o f  c l a s s e s  o r  when a sm a ll sam ple  s i z e  
i s  u se d . S ie g a l  (1972 , 753) makes a  s i m i l a r  s ta te m e n t .  Hayes (1 9 7 2 ,
753) n o te s  t h a t  m ethods s u p e r io r  to  c h i - s q u a r e  t e s t s  e x i s t  when com paring 
e n t i r e  d i s t r i b u t i o n s ,  m ost n o ta b ly  th e  K olm ogorov-Sm im ov t e s t .
The d -v a lu e  r e s u l t i n g  from  th e  K olm ogorov-Sm im ov t e s t  can  a l s o  be  
e v a lu a te d  in  term s o f  c h i - s q u a r e  e q u iv a le n ts  ( S ie g a l ,  1956, 1 3 1 ). T h is  
t r a n s f o r m a t io n  i s :
= 4d^
“ l  “ 2
T h is  th e n  a llo w s  th e  n a tu r e  o f  th e  f i t  t o  be  e v a lu a te d  i n  te rm s o f  
c h i - s q u a r e  w hich i s  ad v an tag eo u s  b ecau se  co m p le te  t a b l e s . a r e  n o t  r e a d i ly
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a v a i l a b l e  f o r  th e  K olm ogorov-Sm im ov t e s t .  The p -v a lu e  c o rre sp o n d in g  
to  t h i s  c h i - s q u a r e  v a lu e  w i th  two d eg ree s  o f  freedom  I n d ic a te s  th e  
p r o b a b i l i t y  t h a t  c h i - s q u a r e  v a lu e s  o f  t h i s  m ag n itu d e  o r  h ig h e r  c o u ld  
o c c u r  from  sam ples random ly s e le c te d  from  s i m i l a r  d i s t r i b u t i o n s .
The p - v a lu e  I s  th e r e f o r e  an  a lp h a  l e v e l .  I n  any h y p o th e s is  t e s t i n g ,  
th e  l a r g e r  th e  a lp h a  l e v e l  th e  low er th e  chances  a r e  o f  a c c e p tin g  
a  f a l s e  n u l l  h y p o th e s is  (Type I I  e r r o r ) . I n  "goodness  o f  f i t "  t e s t s  
t h i s  e r r o r  n eed s  to  be re d u c e d . T h e re fo re  th e  h ig h e r  th e  p -v a lu e  
th e  b e t t e r  th e  f i t  and th e  ch an ces  o f  m aking a  Type I I  e r r o r  a r e  a l s o  
r e d u c e d .
The r e s u l t s  o f  th e  K olm ogorov-Sm im ov t e s t  f o r  each  o f  th e  s i x t e e n  
q u a d r a t s  a r e  found In  T ab le  5 . The l a r g e s t  d -v a lu e  computed f o r  any 
q u a d ra t  I s  .1 0 . T h is c o rre s p o n d s  to  a c h i - s q u a r e  v a lu e  o f .4 0 .
T h is  v a lu e  h a s  a p e q u a l  to  ap p ro x im a te ly  .8 5  and  th e r e f o r e  we c o n c lu d e  
t h a t  th e  n e g a t iv e  b in o m ia l c lo s e ly  r e p r e s e n ts  th e  I n d iv id u a l  q u a d ra t  
a n n u a l f r e q u e n c ie s .
T ab le  5
K olm ogorov-Sm im ov Goodness o f  F i t  T e s t o f  I n d iv id u a l
Q uad ra t A nnual F req u en c ies  
Q u ad ra t (1 ,1 )  
p = .7 3  k = 1 .9
Number o f  Y ears C um ula tive  P ro p o r t io n
I Qb se rv e d P r e d ic te d O bserved P r e d ic te d d -v a lu e
0 11 11 .5 3 .5 5
1 6 5 .4 .85 .8 3
2 1 2 .2 .9 0 .9 4 .0 4
3 2 .8 1 .0 0 .9 8
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Table 5 (continued)
Quadrat (1,2)
p = .40
Number of Years
.3 6
C um ulative P r o p o r t io n
N O bserved P re d ic te d O bserved P re d ic te d d -v a lu e
0 14 14.6 .7 0 .73 .0 3
1 4 3 .0 .9 0 .88
2 1 1 .2 .9 5 .94
3 1 1 .2 .9 5 .97
4 0 .28 .9 5 .98 .0 3
5 1 .16 1 .0 0 .99
Q uadrat ( 1 ,3 )
p = .86 k  = 6 .0 1
Number o f  Y ears C um ulative P r o p o r t io n
N O bserved P re d ic te d O bserved P re d ic te d d -v a lu e
0 8 8 .0 .4 0 .40
1 8 6 .8 .8 0 .74 .06
2 1 3 .4 .8 5 .91 .0 6
3 3 .15 1 .0 0 .97
Q uadrat (1 ,4 )
p = .89 k  = 4 .9 0
Number o f Y ears C um ulative P r o p o r t io n
N O bserved P re d ic te d O bserved P re d ic te d d -v a lu e
0 11 11.8 .5 5 .59 .04
1 7 6 .0 .9 0 .89
2 1 1 .8 .9 5 .98
3 1 .4 1 .0 0 1.00
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Table 5 (continued)
Quadrat (2,1)
p = .81 k = 3.12
Number of Years Cumulative Proportion
N O bserved P r e d ic te d O bserved P r e d ic te d d -v a lu e
0 10 10 .50 .5 0  •
1 8 6 .2 .90 .8 1 .09
2 1 2 .6 .95 .9 4
3 0 .8 .95 .9 8
4 0 .2 .95 .9 9
5 1 .06 1 .00 .9 9 3
Q u a d ra t (2 ,2 )
p = .8 4 k  = 7 .0 1
Number o f  Y ears C um ulative  P ro p o r t io n
N O bserved P r e d ic te d O bserved P r e d ic te d d -v a lu e
0 4 6 .20 .3 0 .10
1 10 6 .6 .70 .6 3
2 4 4 .2 .90 .8 4
3 0 2 .0 .90 .9 4
4 1 .8 .95 .9 8
5 1 .2 1 .00 .9 9
Q u ad ra t (2 ,3 )
p = .8 4 k  = 1 .8 1
Number o f  Y ears C um ulative  P ro p o r t io n
N O bserved P r e d ic te d O bserved P r e d ic te d d -v a lu e
0 15 1 4 .6 .75 .7 3
1 3 4 .0 .90 .9 3 .0 3
2 2 .8 1 .00 .9 7 .03
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T ab le  5 (c o n tin u e d )
Q uadrat (2 .4 )
p = .73 k  = 1 .9 0
Number o f  Y ears C um ulative P r o p o r t io n
N O bserved P r e d ic te d O bserved P r e d ic te d  d -v a lu e
0 12 1 1 .4 .6 0 .57
1 3 5 .4 .7 5 .8 4  .0 9
2 4 2 .0 .9 5 .94
3 1 .8 1 .0 0 .9 8
Q uadrat ( 3 ,1 )
p = .50 k  = 1 .4 2
Number o f Y ears C um ulative P r o p o r t io n
N O bserved P r e d ic te d O bserved P r e d ic te d  d -v a lu e
0 7 7 .6 .3 5 .3 8
1 6 5 .2 .6 5 .64
2 4 3 .2 .8 5 .8 0  .0 5
3 1 1 .8 .9 0 .89
4 0 1 .9 0 .9 4
5 1 .54 .9 5 .967
6 1 .28 1 .0 0 .981
Q uadrat ( 3 ,2 )
p = .50 k  = 1 .5 5
Number o f Y ears C um ulative P r o p o r t io n
N O bserved P re d ic te d O bserved P re d ic te d  d -v a lu e
0 8 6 .8 .4 0 .34  .0 6
1 3 5 .2 .5 5 .6 0
2 4 3 .4 .7 5 .77
3 3 2 .0 .9 0 .87
4 0 1 .2 .9 0 .93
5 1 .6 .9 5 .96
6 1 .34 1 .0 0 .977
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T ab le  5 (c o n tin u e d )
Q u ad ra t (3 ,3 )
p = .9 2 k  = 14 .8 8
Number o f Y ears C um ulative P ro p o r t io n
N O bserved P re d ic te d O bserved P r e d ic te d  d -v a lu e
0 6 4 .6 .3 0 .2 3
1 7 6 .4 .65 .5 5  .10
2 4 4 .8 .8 5 .79
3 2 2 .6 .9 5 .9 2
4 1 1 1 .0 0 .97
Q u ad ra t (3 ,4 )
p = .7917 k  = 3 .8
Number o f Y ears C um ulative P ro p o r t io n
N O bserved P re d ic te d O bserved P r e d ic te d  d -v a lu e
0 9 8 .6 .45 .4 3
1 5 6 .6 .70 .76
2 3 3 .2 .85 .9 2  .07
3 3 1 .2 1 .0 0 .98
Q u ad ra t (4 ,1 )
p = .7 0 k  = 1 .2 8
Number o f Y ears C um ulative P ro p o r t io n
N O bserved P re d ic te d O bserved P r e d ic te d  d -v a lu e
0 13 1 3 .0 .6 5 .65
1 4 4 .6 .85 .8 8  .03
2 2 1 .6 .95 .9 6
3 1 .4 1 .0 0 .9 8
Q u ad ra t (4 ,2 )
p = .8 8 k  = 6 .07
Number o f Y ears C um ulative P ro p o r t io n
N O bserved P re d ic te d O bserved P r e d ic te d  d -v a lu e
0 10 9 .2 .59 .4 6  .04
1 5 6 .6 .75 .79  .04
2 4 2 .8 .95 .9 3
3 1 1 .0 1 .0 0 .9 8
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Table 5 (continued)
Quadrat (4,3)
p = .67 k = 1.92
Number of Years Cumulative Proportion
N O bserved P r e d ic te d O bserved P re d ic te d d -v a lu e
0 8 9 .4 .4 0 .47
1 9 5 .8 .8 5 .76 .0 9
2 1 2 .8 .9 0 .9 0
3 0 1 .2 .9 0 .96
4 2 .4 1 .0 0 .9 8
Q uadrat (4 ,4 )
p = . 88 k  = 6 .0 8
Number o f  Y ears C um ula tive  P ro p o r t io n
N O bserved P r e d ic t e d O bserved P re d ic te d d -v a lu e
0 10 9 .2 .5 9 .46 .0 4
1 5 6 .6 .75 .79 .0 4
2 4 .8 .9 5 .93
3 1 1 .0 1 .0 0 .98
F o rm u la tio n  o f  th e  Computer Program  
The com puter s im u la t io n  program  was w r i t t e n  in  FORTRAN. A p r in t o u t  
o f  t h i s  program  i s  found  i n  A ppendix A and a  g e n e ra l iz e d  flow  c h a r t  
i s  p r e s e n te d  in  F ig u re  5 . The fo llo w in g  i s  an  e x p la n a tio n  o f  th e  
com puter program .
The f i r s t  s te p  i n  th e  com puter program  com putes th e  number o f  
s im u la te d  to rn a d o e s  f o r  each  i t e r a t i o n  (y e a r )  u s in g  th e  lo g n o rm al 
d i s t r i b u t i o n  f i t  to  th e  a n n u a l freq u en cy  d i s t r i b u t i o n  f o r  th e  e n t i r e  
s tu d y  a r e a .  The random lo g n o rm al v a r i â t e s  (y ) w ith  a  mean (x) o f
1 .0 9 6  and a  s ta n d a rd  d e v ia t io n  ( s )  o f  .2396  w ere  g e n e ra te d  by  th e  
fo rm u la
y  = e x p [x  +  (s(sum x -  6 . 0 ) ) ]  (7)
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w here exp i s  th e  exponent and sumx i s  th e  sum o f  12 random numbers 
w here  v a lu e s  ran g e  from  0 to  1 . The r e s u l t i n g  y v a lu e s  w ere changed 
to  i n t e g e r s  by t r u n c a t io n  a f t e r  .5 0  was ad d ed , th e re b y  c a u s in g  n e a r e s t  
i n t e g e r  ro u n d in g .
A q u a d r a t  was th e n  t e n t a t i v e l y  s e le c te d  a t  random  f o r  each  
to rn a d o . B e fo re  a  to rn ad o  was a l lo c a t e d  to  th e  random ly  s e le c te d  
c e l l ,  th e  n e g a t iv e  b in o m ia l g e n e r a t in g  fu n c tio n  conq)uted an in t e g e r  
r e p r e s e n t in g  th e  t o t a l  number o f  to rn a d o e s  a llo w ed  i n  t h a t  c e l l .
The t e n t a t i v e l y  s e le c te d  q u a d ra t  a cc ep ted  th e  to rn a d o  i f  th e  com puted 
n e g a t iv e  b in o m ia l v a lu e  was g r e a t e r  than  o r  e q u a l  to  th e  number o f  
to rn a d o e s  a l r e a d y  in  th e  q u a d ra t  p lu s  one. I f  t h e  to rn a d o  was r e j e c t e d  
a n o th e r  q u a d ra t  was random ly s e l e c t e d  and a c c e p ta n c e  o r  r e j e c t i o n  
o c c u rre d  a s  e x p la in e d  above.
The n e g a t iv e  b in o m ia l v a r i â t e s  (x) w ere g e n e ra te d  w ith  a  g iv e n  p 
and k by th e  f o m u la
—
w here r  e q u a ls  a  random number and  q eq u a ls  1 -  p .  S in ce  k was an
in t e g e r  i n  o n ly  two o u t o f  s i x t e e n  q u a d ra ts  i t  was n e c e s s a ry  to
g e n e ra te  a  m ix tu re  o f n e g a t iv e  b in o m ia l v a r i â t e s ,  o v e r  many i t e r a t i o n s ,  
w i th  th e  e x p e c te d  v a lu e  o f  k  e q u a l  to  th e  com puted v a lu e  o f  k .
The p a th  a re a  o f each  to rn a d o  was de te rm in ed  i n  th e  s im u la t io n  by
a  two s te p  m ethod. The p a th  l e n g th  was d e te rm in ed  by g e n e ra tin g  a  
random  lo g n o rm a l v a r i a t e  w ith  a  mean o f - .0 1 6 7  m i le s  and a  s ta n d a rd  
d e v ia t io n  o f  .8116 m ile s .  The p ro c e d u re  used  to  acc o m p lish  t h i s  was 
th e  same a s  th e  e x p la in e d  f o r  th e  g e n e ra tio n  o f  t h e  an n u a l f r e q u e n c ie s .  
The p a th  w id th  (y) was c a l c u la t e d  f o r  each g e n e ra te d  le n g th  (x) by
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u s in g  e q u a tio n  number 4 ,  th e  r e g re s s io n  e q u a t io n .  The e r r o r  te rm , 
e ,  was a  random ly g e n e ra te d  norm al v a r i a t e  w i th  a  mean o f  .0059 
y a rd s  and a  s ta n d a rd  d e v ia t io n  o f  150 .08  y a r d s .  These v a r i â t e s  w ere  
g e n e ra te d  by
e = X + (s(sum x -  6 .0 0 ) )  (9 )
w here  sumx e q u a ls  th e  sum o f  12 random num bers. O n e -h a lf  o f  t h e  
com puted e r r o r  v a lu e s  w ere  added to  th e  p r e d i c t i o n  e q u a tio n  and o n e - h a l f  
s u b t r a c t e d .  U pper and  lo w er l i m i t s  o f  880 y a rd s  and 15 y a rd s  w e re  
p la c e d  on th e  c a l c u la te d  p a th  w id th , c o n s i s t e n t  w ith  th e  e m p i r ic a l  d a t a .
I f  th e  g e n e ra te d  p a th  le n g th  was l e s s  th a n  15 m ile s  ( o n e - h a l f
th e  le n g th  o f  th e  q u a d ra t  s id e s )  th e  p a th  a r e a  I n  sq u a re  m ile s  was 
added  to  th e  t o t a l  p a th  a r e a  fo r  th e  q u a d ra t  s e l e c t e d .  I f  th e  g e n e ra te d  
p a th  le n g th  was g r e a t e r  th a n  15 m ile s  th e  to rn a d o  was c o n s id e re d  to  
b e  I n t e r c e l l u l a r .  A random  number was th e n  u sed  to  s e l e c t  a  d i r e c t i o n  
o f  movement from  th e  e m p ir ic a l  d i r e c t i o n  f re q u e n c y  d i s t r i b u t i o n .
T h is  d i r e c t i o n  was u sed  to  d e te rm in e  w hich a d ja c e n t  q u a d ra t th e  to r n a ­
do moved I n to .  The p a th  a r e a  r e s u l t i n g  from  th e  f i r s t  15 m i le s , 
was added to  th e  o r i g i n a l  "touchdow n" q u a d r a t .  The rem a in in g  p a th  a r e a
was added to  th e  a d ja c e n t  q u a d ra t o f  to rn a d o  movement.
The o u tp u t from  e ac h  I n t e r a t l o n  (y e a r)  In c lu d e d : (1) th e  num ber
o f  to rn a d o e s  f o r  each  I t e r a t i o n ;  (2) th e  q u a d ra t  f r e q u e n c ie s ;  (3 ) th e  
p a th  le n g th  In  m i le s ,  th e  p a th  w id th  In  y a rd s  and th e  p a th  a r e a  In  
s q u a re  m ile s  f o r  each  to rn a d o  ; and (4 ) th e  p a th  a re a  o f  each  q u a d r a t .
The t o t a l  p a th  a r e a  o f  each  q u a d ra t f o r  20 I t e r a t i o n s  was th e n  com puted . 
A s a n g le  o u tp u t I s  found In  Appendix B.
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V a lid a t io n  o f  th e  Computer Model 
V a l id a t io n  o f  th e  model i s  th e  second m ajo r t e s t i n g  s ta g e  in  
th e  d ev e lo p m en t o f  th e  com puter s im u la t io n  m odel. T h is  s te p  in s u r e s  
t h a t  th e  a l r e a d y  t e s t e d  p a ra m e te r  e s t im a te s  a r e  a d e q u a te ly  i n t e r ­
a c t in g  w i th  th e  o p e ra t in g  c h a r a c t e r i s t i c s  t o  s im u la te  th e  o b je c t  
sy stem . I n  t h i s  s tu d y  th e  "g o o d n ess  o f  f i t "  b e tw een  th e  o b se rv ed  
and th e  " s ta n d a r d  ru n "  s im u la te d  d a ta  was t e s t e d .
The 20 y e a r  o b serv ed  and  s im u la te d  a n n u a l f re q u e n c y  d i s t r i b u t i o n s  
w ere t e s t e d  by u s in g  th e  K olm ogorov-Sm im ov goodness o f  f i t  t e s t .
The c a l c u l a t e d  d -v a lu e  a s  i l l u s t r a t e d  i n  T ab le  6 i s  .1 5 . The equi»- 
v a l e n t  c h i - s q u a r e  v a lu e  i s  .9 0  w hich  co rre sp o n d s  to  a  p o f  .6 0 .
The low v a lu e  o f  c h i - s q u a r e  and  th e  h ig h  p v a lu e  in d i c a te s  t h a t  th e  
o b se rv ed  and  s im u la te d  an n u a l f r e q u e n c ie s  came from  s im i la r  d i s t r i ­
b u t io n s .
T a b le  6
Number o f Y ears C um u la tiv e  P ro p o r tio n
N O bserved G en era ted O bserved G en e ra te d  d -v a lu e
1 -5 2 0 .10 0 .0 0
6 -10 7 6 .45 .3 0  .1 5
11-15 2 4 .55 .5 0
16-20 5 4 .80 .7 0
21-25 2 3 .90 .8 5
26-30 2 2 1 .00 .95
31-35 0 1 1 .0 0 1 .0 0
The g e n e ra te d  p a th  le n g th  and  w id th  was t e s t e d  a g a in s t  th e
o b se rv e d  by  a p p ly in g  th e  K olm ogorov-Sm im ov t e s t  em ploying f i f t y  random  
sam p les . The d -v a lu e  e q u a le d  .1 6  f o r  th e  l e n g th  sam p les and .1 4  f o r
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t h e  w id th  sam p le s . The a s s o c ia te d  c h i - s q u a r e  v a lu e s  a r e  2 .5 6  and
1 .9 6  r e s p e c t iv e l y ,  w ith  p v a lu e s  e q u a l  t o  .2 8  and .4 0 .  The p 
v a lu e s  a re  r e l a t i v e l y  h ig h  in d i c a t i n g  t h a t  c h i- s q u a re  v a lu e s  o f  t h i s  
m agn itude  o r  h ig h e r  c o u ld  occu r q u i t e  f r e q u e n t ly  by chance  from  
sam p les  drawn from  th e  same d i s t r i b u t i o n .  The le n g th  t e s t  i s  
i l l u s t r a t e d  in  T ab le  7 , and th e  w id th  t e s t  i n  T ab le  8 .
The t e s t  o f  p a th  a r e a s  i s  c r i t i c a l  to  th e  v a l id a t i o n  o f  th e  
com puter s im u la t io n  m odel. The p a th  a r e a  n o t  o n ly  in v o lv e s  th e  p a th  
s i z e  b u t a l s o  f re q u e n c y  o f  to rn ad o  o c c u r re n c e .  T h e re fo re ,  by  t e s t i n g  
th e  p a th  a r e a ,  c o n c lu s io n s  can  be  drawn c o n c e rn in g  th e  i n t e r a c t i o n  
o f  to rn ad o  fre q u e n c y  and m agnitude w i th in  th e  m odel.
T able 9 p o r t r a y s  th e  r e s u l t s  o f  th e  K olm ogorov-Sm im ov t e s t .
The c a lc u la te d  d -v a lu e  i s  .2 0 . The e q u iv a le n t  c h i- s q u a re  v a lu e  i s  
1 .6  w hich has  a  p v a lu e  o f  .4 5 . T here  i s  l i t t l e  re a so n  to  s u s p e c t  
t h a t  th e  sam ples w ere  drawn from d i f f e r e n t  d i s t r i b u t i o n s .
The v a l id a t i o n  p ro c e d u re s  h av e  shown t h a t  th e  model r e p r e s e n t s  
th e  o b je c t  sy stem . The p a ram e te r  e s t im a te s  and t h e i r  i n t e r a c t i o n  
th ro u g h  th e  o p e r a t in g  c h a r a c t e r i s t i c s  a r e  a p p a re n tly  o p e r a t in g  p ro p e r ly  
to  d u p l i c a te  th e  " r e a l  w o rld "  sy stem . S in c e  co n fid e n c e  can  now be 
p la c e d  on th e  m o d e l, s im u la t io n  e x p e r im e n ts  in v o lv in g  p a ra m e te r  
ch an g es can  b e  p e rfo rm e d . The n e x t  c h a p te r  d is c u s s e s  th e  d e s ig n  
and  a n a ly s i s  o f  th e  s im u la t io n  e x p e r im e n ts .
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T ab le  7
K olm ogorov-Sm im ov T est o f  P a th  L ength  
F requency C u m u la tiv e  P ro p o r tio n
d -v a lu eI n t e r v a l
(m ile s )
O bserved G en e ra ted O bserved G enera ted
0 -2 28 33 .5 6 .66
1 .0 1 -2 5 8 .66 .82
2 .0 1 -3 3 2 .72 .86
3 .0 1 -4 3 3 .7 8 .92
4 .0 1 -5 2 1 .8 2 .94
5 .0 1 -6 2 0 .86 .94
6 .0 1 -7 1 2 .8 8 .9 8
7 .0 1 -8 1 0 .90 .9 8
8 .0 1 -9 1 0 .92 .98
9 .0 1 -1 0 1 0 .94 .98
1 0 .0 1 -1 1 0 0 .94 .98
1 1 .0 1 -1 2 0 0 .94 .9 8
1 2 .0 1 -1 3 0 0 .94 .98
1 3 .0 1 -1 4 0 0 .94 .98
1 4 .0 1 -1 5 1 0 .96 .98
1 5 .0 1 2 1 1 .0 0 1 .0 0
T ab le 8
K olm ogorov-Sm im ov T est f o r  P a th  W idth
I n t e r v a l
(y a rd s )
Frequency
O bserved G en e ra ted
C u m u la tiv e  Propoi 
O bserved  G enera ted
0-100 26 23 .52 .46
101-200 15 11 .82 .68
201-300 3 11 .88 .90
301-400 2 5 .92 1 .0 0
401-500 3 0 .98 1 .0 0
501-600 0 0 .98 1 .0 0
601-700 0 0 .9 8 1 .0 0
700 1 0 1 .0 0 1 .0 0
.1 6
d -v a lu e
.14
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T ab le  9
K olm ogorov-Sm im ov T e s t f o r  A nnual P a th  A rea 
F requ en cy  C um u la tiv e  P ro p o r t io n
I n t e r v a l
(m ile s )
O bserved G enerated O bserved G enerated d -V à lu e
0 -3 8 4 .4 0 .20 .2 0
3 .0 1 -6 3 3 .5 5 .35 .2 0
6 .0 1 -9 3 4 .7 0 .55
9 .0 1 -1 2 2 1 .8 0 .60 .2 0
1 2 .0 1 -1 5 1 2 .8 5 .70
1 5 .0 1 -1 8 1 2 .9 0 .85
1 8 .0 1 -2 1 0 1 .9 0 .85
2 1 .0 1 -2 4 0 0 .9 0 .85
2 4 .0 1 2 3 1 .0 0 1 .0 0
CHAPTER 4
DESIGN AND ANALYSIS OF THE SIMULATION EXPERIMENTS 
Com puter s im u la tio n  te c h n iq u e s  a re  used  p r im a r i ly  t o  p r e d i c t  
changes t h a t  w i l l  o ccu r w i th in  a  g iv en  sy stem  i f  c e r t a i n  p a ra m e te rs  
a n d /o r  o p e r a t in g  c h a r a c t e r i s t i c s  c o n t r o l l i n g  t h a t  sy s tem  a re  m o d if ie d . 
The d e s ig n  o f  th e s e  sy s tem  m o d if ic a t io n s  i s  t h e r e f o r e  ex tre m e ly  
im p o r ta n t  b e c a u se  th e  e x p e r im e n ta l  o u tp u t m ust h av e  a  form  t h a t  i s  
co m p a tab le  to  a n a l y t i c a l  te c h n iq u e s  e n a b lin g  th e  system ’ s p erfo rm an ce  
to  b e  e v a lu a te d .  The a n a l y s i s  m ust be c a r r i e d  o u t  w ith  p r e c i s io n  to  
in s u r e  p ro p e r  i n t e r p r e t a t i o n  o f  th e  sy stem ’ s p e rfo rm a n c e .
D esign  o f  th e  Computer S im u la tio n  E x p erim en ts  
The m a jo r  o b je c t iv e s  o f  t h i s  re s e a rc h  was to  d e te rm in e  and e v a lu a te  
th e  e f f e c t s  t h a t  changes in  to rn a d o  p a ra m e te rs  h av e  on th e  e x te n t  o f  
th e  to rn a d o  h a z a rd . The e x te n t  o f  th e  to rn a d o  h a z a rd  was d e f in e d  f o r  
t h i s  p r im a ry  o b je c t iv e ,  a s  th e  p a th  a re a  o f  to rn a d o e s .  The s im u la t io n  
m odel in c lu d e s  two to rn a d o  p a ra m e te rs  th a t  i n t e r a c t  to  p roduce  th e  
to rn a d o  p a th  a r e a ,  f re q u e n c y  and m agn itude. S y s te m a tic  10% changes 
w ere  made upon th e  freq u en cy  and m agnitude p a ra m e te r s .  The changes 
in v o lv e d  10% d e c re a se s  i n  th e  ex p ec ted  v a lu e  o f  th e  o v e r a l l  an n u a l 
f r e q u e n c ie s  and le n g th  o f  p a th ,  and d id  n o t  in v o lv e  changes i n  th e  
v a r ia n c e .  S in c e  th e  g e n e ra te d  le n g th  o f p a th  i s  u se d  w ith  a  r e g r e s s io n  
e q u a t io n  to  p r e d ic t  th e  w id th ,  th e  r e g r e s s io n  e q u a t io n  was n o t m o d if ie d . 
Twenty y e a r  " ru n s " ,  s im i l a r  to  th e  " s ta n d a rd  r u n " ,  w ere p roduced  f o r  
each  o f  th e  100 com binations  p o s s ib le  when 10% changes  a r e  made on 
two p a r a m e te r s ,  e x te n d in g  from  0% to  90%. For e a c h  o f  th e s e  changes
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th e  o u tp u t c o n s i s t e d  o f  p a th  a r e a s  w h ich  w ere u sed  to  e v a l u a te  th e  
p a ra m e te r  m o d i f ic a t io n s .
A seco n d a ry  r e s e a r c h  o b je c t iv e  in v o lv e d  th e  e v a lu a t io n  o f  th e  
e x te n t  o f  th e  to rn a d o  h a z a rd  in  r e l a t i o n  to  th e  p r o p e r t y - a t - r i s k .
T h is  n o t  o n ly  c o n s i s t s  o f  th e  r e l a t i o n s h i p  betw een p a th  a r e a  and 
p r o p e r t y - a t - r i s k  b u t  a l s o  to rn a d o  i n t e n s i t y  (wind s p e e d ) . I n t e n s i t y  
d i r e c t l y  in f lu e n c e s  th e  p e r c e n t  o f  damage t h a t  th e  p r o p e r t y - a t - r i s k  
w i l l  r e c e iv e  i f  " h i t "  by  a  to rn a d o . As was in d ic a te d  i n  C h a p te r  2 , 
v a r io u s  te c h n iq u e s  may b e  u sed  i n  th e  f u t u r e  to  m odify  to rn a d o  in te n ­
s i t y .  S p e c u la tio n  c o n c e rn in g  q u a n t i t a t i v e  e s t im a te s  o f  i n t e n s i t y  
r e d u c t io n  i s ,  o f  c o u r s e ,  e n t i r e l y  la c k in g .  For s im u la t io n  p u rp o s e s , 
a  m o d ified  F - s c a le  was a r r iv e d  a t  by assum ing  th e  f u tu r e  i n t e n s i t y  
m o d if ic a t io n  w ould d e c re a s e  th e  F - s c a le  o f  a l l  to rn a d o e s ,  e x c e p t F -0 , 
by 1 . The m o d if ie d  F - s c a le  d i s t r i b u t i o n  a lo n g  w ith  th e  u n m o d ified  
d i s t r i b u t i o n  i s  l i s t e d  in  T ab le  10 .
T ab le  10 
F -S c a le  f o r  Damaging Wind
U nm odified M o d ified
F % F requency % Damage F % Frequency % Damage
0 2 0 .0 1 0 65 .0 1
1 4 5 .0 25 1 25 .0 25
2 2 5 .0 85 2 8 .0 85
3 8 .0 100 3 1 .9 100
4 1 .9 100 4 0 .1 100
5 0 .1 100 5 0 .0 100
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A c c u ra te  d a ta  on th e  v a lu e  o f  th e  p r o p e r t y - a t - r i s k  i s  d i f f i c u l t ,  
i f  n o t  im p o s s ib le ,  to  o b ta in .  The a s s e s s e d  v a l u e ,  by  co u n ty , o f  
r u r a l  and  u rban  im provem ents (e x c lu d in g  la n d )  was o b ta in e d  from  th e  
Oklahom a Tax Commission (Oklahom a, 1 9 7 3 ). T hese d a t a  c o n ta in e d  n o t  
o n ly  t h e  a s s e s s e d  v a lu e  b u t  a l s o  in c lu d e d  in fo rm a t io n  co n c e rn in g  th e  
p e r c e n t  o f  a s s e s se d  v a lu a t io n  i n  r e l a t i o n  to  th e  im p ro v em en t's  f a i r  
m a rk e t v a lu e .  T h e re fo re , th e  p r o p e r t y - a t - r i s k  was d e f in e d  a s  th e  
v a lu e  o f  r u r a l  and u rb an  im provem ents as  r e p o r te d  by  th e  Oklahoma 
Tax Comm ission in  1973. The t o t a l  v a lu e  o f  r u r a l  and u rban  im prove­
m ents f o r  each  q u a d ra t was d e te rm in ed  u s in g  a  m ethod i l l u s t r a t e d  i n  
A ppendix  C.
The s t e p s  used in  t h i s  com puter s im u la t io n  ex p erim en t a r e
num bered below . (1) The two q u a d ra ts  h a v in g  th e  ex trem e v a lu e s  o f
p r o p e r t y - a t - r i s k  w ere s e l e c t e d  f o r  s tu d y . (2 ) The p a th  a r e a  f o r  each
o f  th e s e  q u a d ra ts  was d e te rm in e d  from th e  s im u la t io n  o u tp u t f o r  e ac h
o f  th e  s y s te m a t ic  f re q u e n c y  and m agnitude m o d i f ic a t io n s .  (3) The
damage v a lu e  to  th e  p r o p e r t y - a t - r i s k  was e s t im a te d  by u s in g  th e  fo l lo w in g
e q u a t io n  w hich  in c o rp o r a te s  th e  unm odified  F - s c a le  d i s t r i b u t io n . :
5
D = 2  (F P i) (FDi) [(PA • R% • RV) + (PA • U% • UV) ] (10)
1=0
w here  D e q u a ls  th e  d o l l a r  v a lu e  damage, F P i e q u a ls  th e  p r o p o r t io n  o f  
to rn a d o e s  o c c u rr in g  f o r  a  s p e c i f i e d  F -v a lu e ,  FDi i s  th e  p r o p o r t io n  o f  
damage f o r  a  s p e c i f i e d  F v a lu e ,  PA i s  th e  p a th  a r e a  w ith in  th e  q u a d r a t ,
FV and  UV a r e  th e  v a lu e s  o f  r u r a l  and u rb an  im provem ents ( p r o p e r t y - a t - r i s k )  
and R% and  U% a re  th e  p e rc e n ta g e s  o f  q u a d ra t  a r e a  c la s s e d  as  r u r a l  
and u rb a n .  (4) The damage v a lu e  to  th e  p r o p e r t y - a t - r i s k  was a g a in  
com puted u s in g  fo rm ula  number 10 b u t w ith  th e  m o d if ie d  F - s c a le  d i s t r i ­
b u t io n .
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A n a ly s is  o f  Computer S im u la tio n  E xperim ents 
The a n a ly s i s  o f  th e  s im u la tio n  e x p e rim e n ts  was d i r e c t e d  a t  th e  
tw o - fo ld  o b je c t iv e s  o f  t h i s  s tu d y . The p rim ary  o b je c t iv e ,  to  
e v a lu a te  th e  e f f e c t s  changes i n  p a ra m e te rs  c o n t r o l l i n g  to rn a d o  p a th  
a r e a ,  was a n a ly z e d  f i r s t .  In  a s s o c i a t i o n  w ith  t h i s  o b j e c t iv e  th e  
r e l a t i o n s h ip  b e tw een  freq u en cy  and m ag n itu d e  i s  in v e s t ig a te d ,  and th e  
e x p e c te d  20 y e a r  p a th  a r e a  c o n s id e r in g  t h i s  r e l a t io n s h ip  i s  e s t im a te d . 
The seco n d ary  o b j e c t i v e ,  to  e v a lu a te  th e  e f f e c t s  t h a t  changes i n  
to rn a d o  p a ra m e te rs  h av e  on th e  e x p e c te d  damage v a lu e ,  was th e n  a n a ly z e d .
P a th  A rea A n a ly s is — In d ep en d en t F requ en cy  and M agnitude
Two p a ra m e te r s ,  freq u en cy  and m a g n itu d e , c o n t ro l  th e  e x t e n t  o f  
th e  to rn ad o  h a z a rd  when i t  i s  d e f in e d  i n  te rm s o f  t o t a l  p a th  a r e a .
The ex p ec ted  v a lu e s  o f  th e  t h e o r e t i c a l  d i s t r i b u t i o n s  c o n t r o l l i n g  th e se  
p a ra m e te rs  in  th e  s im u la t io n  w ere s y s t e m a t ic a l ly  d e c re a se d  by 10%. 
T h e re fo re ,  one h u n d red  ex p erim en ts  w ere  ru n  w ith  a l l  p o s s i b l e  combi­
n a t io n s  o f  10% ch an g es  o f  th e  f re q u e n c y  and m agnitude p a ra m e te r s .
E ach o f  th e  100 e x p e rim e n ts  was ru n  f o r  a  t o t a l  o f  20 y e a r s ,  c o n s i s te n t  
w i th  " s ta n d a rd  r u n ."  T ab le  11 l i s t s  t h e  p a th  a re a  in  s q u a re  m ile s  
f o r  th e  e n t i r e  s tu d y  a r e a  f o r  each  o f  th e  100 ru n s .
The o u tp u t i n  T ab le  11 I n d ic a te s  t h a t ,  a s  ex p ec ted  a  d e c re a s e  
i n  p a th  a re a  g e n e r a l ly  o ccu rs  w ith  a  d e c re a s e  o f  a  to rn a d o  p a ra m e te r .
The o u tp u t a ls o  i n d i c a t e s  t h a t  t h i s  e x p e c te d  r e la t io n s h ip  does n o t 
o c c u r  i n  a l l  c a s e s .  T h is  unex p ec ted  r e l a t i o n s h ip  o f  sone h ig h  p a th  
a r e a s  w ith  p a ra m e te r  d e c re a s e s ,  r e s u l t e d  from  th e  o c c u rre n c e  o f  1 
o r  2 ex tre m e ly  l a r g e  to rn a d o e s  d u r in g  th e  20 y e a r  " r u n ."  T hese  la rg e  
to rn a d o e s , o f  c o u r s e ,  a l s o  o ccu r in  t h e  " r e a l  w orld"  and no  a t te m p t
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Table 11
Path Area (H ile^)
90 10.3 10.4 8.3 12.0 9 .2 8.2 4.3 1 .9 2.4 2.4
80 43.5 53.4 25.6 12.6 22.1 17.1 11.6 1.2 1.8 2 .9
70 57.9 51.8 24.3 69.9 44.6 17.1 19.9 9 .2 7.0 7.79
60 84.6 69 .9 52.8 61.9 51.9 40.1 23.3 -6 .2 3 .8 .9
50 113.8 52.3 58.0 46.5 66.4 50.7 14.6 20.3 13.1 6.4
40 184.4 90 .2 48.7 142.5 42 .3 69.1 48.8 1.1 10.9 6.7
30 97.5 111.2 88.4 95.9 124.2 76.9 59.9 61.3 13.6 4.2
20 138.0 176.0 136.0 120.0 107.6 104.0 43.9 45 .6 15.8 7.6
10 223.5 146.3 156.4 118.6 169.1 88.9 48.0 20.4 30.0 27.0
0 199.7 192.0 158.0 153.8 158.4 60.9 33.0 40.8 69.4 8.4
0 10 20 30 40 50 60 70 80 90
Frequency Change {%)
was made to  remove them from  th e  a n a ly s i s .  T h is  o c c a s io n a l  h ig h e r  
th a n  e x p e c te d  p a th  a re a  i n  th e  o u tp u t  co u ld  have b e e n  p a r t i a l l y  o r  
co m p le te ly  e l im in a te d  by in c r e a s in g  th e  le n g th  o f  e a c h  " ru n "  to  100 
o r  200 y e a r s .  T h is  would in c r e a s e  th e  p r o b a b i l i t y  o f  each  "run" 
h a v in g  a t  l e a s t  one o f  th e s e  e x tre m e ly  la r g e  to rn a d o e s  and th u s  re d u c e  
t h e i r  o v e r a l l  p a th  a re a  c o n t r i b u t i o n .  I n c r e a s in g  th e  le n g th  o f 
th e  " ru n "  b y  a  f a c to r  o f  5 o r  10 w ou ld , o f  c o u r s e ,  i n c r e a s e  th e  com­
p u te r  tim e  by  th e  same f a c t o r .  S in c e  a n a l y t i c a l  m ethods a r e  a v a i l ­
a b le  to  d e a l  w ith  th e s e  anom alous r e s u l t s  and a l s o  in c lu d e  them i n  
th e  a n a l y s i s ,  th e  d e c is io n  was made to  a n a ly z e  th e  20 y e a r  " ru n s"  
r a t h e r  th a n  in c r e a s e  th e  le n g th  o f  th e  " ru n ."
A n a ly s is  o f  th e  " s ta n d a rd  ru n "  (no freq u en cy  o r  m agn itude  modi­
f i c a t i o n )  r e v e a ls  th e  amount o f  a n n u a l v a r ia n c e  i n  to rn a d o  p a th  a r e a .  
The mean a n n u a l p a th  a r e a  f o r  t h i s  ru n  was 9 .9 8 5 . B u t as  w ould b e
e x p e c te d  th e  v a r i a t i o n  around  th e  mean was g r e a t .  The ra n g e  o f  th e
2 2p a th  a r e a  w as from 2 6 .3  m ile s  to  1 .5  m ile s  . Tw elve y e a r s  had v a lu e s
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below  th e  a r i th m e t ic  mean and  e i g h t  y e a rs  w ere ab ove  th e  mean. T h is  
r e l a t i o n s h i p  would be  e x p e c te d  because p re v io u s  I n v e s t i g a to r s  (Thom, 
1963) h av e  shown t h a t  p a th  a r e a  d i s t r i b u t i o n s  a r e  lo g n o rm al. The 
lo g n o rm a l d i s t r i b u t i o n  I s  c h a r a c te r iz e d  by a  few e x tre m e ly  h ig h  v a lu e s  
t h a t  g r e a t l y  In f lu e n c e  th e  s e n s i t i v e  a r i th m e t ic  m ean.
M a tr ix  s u r f a c e  a n a l y s i s ,  a  m o d if ic a t io n  o f  m u l t ip l e  r e g r e s s io n ,  
can  b e  u sed  to  smooth a  s u r f a c e  r e p re s e n te d  by a  s e t  o f  d a ta  v a lu e s  
p l o t t e d  u s in g  o r th o g o n a l c o o r d in a te s .  Even th o u g h  t h i s  te c h n iq u e  I s  
n o rm a lly  u sed  to  I n v e s t i g a t e  " s u r f a c e s "  In  mapped d a t a ,  th e  10 x  10 
o u tp u t m a tr ix  o f  T ab le  11 m ee ts  th e  n e c e ss a ry  re q u ir e m e n ts .  S im i la r  
to  m u l t ip l e  r e g r e s s io n ,  t h i s  m ethod c o n s id e rs  a l l  th e  d a ta  v a lu e s  
and an  e q u a t io n  I s  d e r iv e d  t h a t  p r e d ic t s  th e  v a lu e  o f  th e  dependen t 
v a r i a b l e  f o r  a  g iven  p a i r  o f  c o o rd in a te s  b ased  on th e  s u r f a c e  f i t t e d .
M a tr ix  s u r f a c e  a n a ly s i s  was perform ed on th e  p a th  a re a  m a tr ix  o f  
T ab le  1 1 . The b e s t  " f i t "  s u r f a c e  was d e te rm in e d  by th e  u se  o f  o r th o ­
g o n a l p o ly n o m ia ls  s in c e  th e  c o o rd in a te s  w ere e q u a l ly  spaced  (K ing , 1969 , 
1 5 2 ). F o u r ie r  methods w ere  n o t  employed s in c e  t h e r e  was no re a s o n  to  
assum e t h a t  r e c u r r in g  wave o r  c y c l i c a l  p a t t e r n s  e x i s t e d  In  th e  d a ta  
(Y e a te s ,  1974 , 148 ). S u r fa c e s  up to  and I n c lu d in g  a  s ix th  d eg ree  
p o ly n o m ia l w ere f i t  to  th e  m a tr ix  d a ta .  The seco n d  d eg ree  p o ly n o m ia l 
was ch o sen  as  " b e s t"  r e p r e s e n t in g  th e  tr e n d  In  th e  d a ta .  The f i r s t  
d e g re e  s u r f a c e  ( l i n e a r )  e x p la in e d  74.4% o f  th e  t o t a l  v a r ia n c e ,  w hereas 
th e  seco n d  d eg ree  e x p la in e d  85.7%. The p e rc e n t  o f  e x p la in e d  v a r ia n c e  
I n c r e a s e d  s lo w ly  w ith  e ac h  s u c c e s s iv e ly  h ig h e r  d e g re e  po ly n o m ia l up 
to  90.4%  f o r  th e  s i x t h  d e g re e  f i t .  A n a ly s is  o f  v a r ia n c e  can be  u sed  
to  d e te rm in e  I f  th e  n e x t h ig h e r  o rd e r  s u r f a c e  ad d s a  s i g n i f i c a n t  
d e g re e  o f  e x p la n a tio n  to  th e  s u r f a c e  (Krumblen and  G r a y b l l l ,  1967, 3 3 7 ) . 
The r e s u l t s  o f  th e  a n a l y s i s  o f  v a r ia n c e  a r e  shown In  T ab le  12 .
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Table 12
S ource Sum o f  S quares d . f . Mean Square F
Due to  
L in e a r 231451 2 115726
D e v ia tio n s  
from  L in e a r  . 79597 97 820.59
1 4 1 .02
Due to  
Q u a d ra tic 35180 3 11726
2 4 .8D e v ia tio n s  
from  Q u a d ra tic 44416 94 472.51
Due to  C ubic 595 4 148.7
.305D e v ia tio n s  
from  C ubic 43821 90 486.9
T o ta l 311047 99
c r i t .  F (4 ,9 0 ) a t  .0 5  = 2 .4 8
The method u sed  a s s ig n s  th e  in c r e a s e  i n  e x p la in e d  v a r ia n c e  to  
th e  a p p r o p r ia te  s u r f a c e  and th e  t o t a l  r e s i d u a l  sum o f  sq u a re s  o r  
u n e x p la in e d  v a r ia n c e  to  th e  same s u r f a c e .  The l i n e a r  s u r f a c e  ( f i r s t  
d e g re e )  h as  a  h ig h  F r a t i o ,  i n d i c a t i n g  t h a t  th e  m ajor s u r f a c e  i s  l i n e a r .  
The q u a d r a t ic  (seco n d  d e g re e )  s u r f a c e  a l s o  added a  s i g n i f i c a n t  amount 
o f  e x p la in e d  v a r ia n c e ,  b u t  n o t  o f  th e  m agn itu d e  o f  th e  l i n e a r ,  i n d i ­
c a t in g  t h a t  th e  s e c o n d a ry  s u r f a c e  i s  q u a d r a t i c .  The in c r e a s e  i n  
e x p la in e d  v a r i a t i o n  by th e  cu b ic  ( t h i r d  d e g re e )  s u r fa c e  was so  sm a ll 
( 5 9 5 ) ,  t h a t  th e  r e s u l t i n g  F o f  .305  c o u ld  have  o c c u rre d  by c h a n c e . 
C hanges in  th e  fre q u e n c y  and m agn itude o f  to rn a d o e s  r e s u l t  i n  m o d ified  
p a th  a re a s  t h a t  can b e  e x p la in e d  p r im a r i ly  by a  l i n e a r  m odel. However, 
a  q u a d r a t ic  m odel in c r e a s e s  th e  e x p la n a t io n  o f  th e  l i n e a r  m odel 
s i g n i f i c a n t l y  and i t s  e f f e c t  can b e  seen  in  th e  concave s u r f a c e  o f  
F ig u r e  6.
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The g e n e ra l  form  o f  th e  p r e d ic t iv e  e q u a t io n  f o r  a second  d e g re e  
p o ly n o m ia l i s ;
Z = a  +  bX + +  b^X^ + b^XY +  b^Y^ +  e  (11)
The com puted v a lu e s  o f  t h e  p o lynom ial c o e f f i c i e n t s  (b^) and th e  
i n t e r c e p t ,  a ,  w here
Z = 209.02 + C -20.64)X  +  ( -2 1 .7 0 )Y +  ( - .1 8 2 )X ^  +  2.27XY +
.013Y^ +  e (1 2 )
T h is  e q u a tio n  can  b e  u se d  to  e s t im a te  th e  e x p e c te d  p a th  a re a  (Z) w i th
any  com b in atio n  o f  f re q u e n c y  and m agnitude p e r c e n t  d e c re a s e s .  The
e r r o r  te rm , e ,  h a s  a  s ta n d a r d  d e v ia t io n  o f  2 1 .1 8 . T h e re fo re ,  when th e
p r e d ic te d  v a lu e s  a r e  com pared to  th e  g e n e ra te d  m a tr ix  v a lu e s ,  a p p ro x i­
m a te ly  60% ( a r e a  o f  no rm al cu rv e  w ith in  +1 s ta n d a r d  d e v ia t io n )  o f  th e
2
p r e d ic te d  v a lu e s  a r e  w i th in  +21.18  m ile s  o f  th e  a c tu a l  v a lu e .  T h is  
e r r o r  m easure th u s  i l l u s t r a t e s  th e  v a r i a b i l i t y  i n  to rn ad o  p a th  a r e a  
o v e r  a  20 y e a r  p e r io d  w i th in  th e  s tu d y  a r e a .  The p r e d ic te d  p a th  a r e a
r e p r e s e n t s  th e  e x p e c te d  2 0 -y e a r  to rn ad o  p a th  a r e a  t o t a l  f o r  th e
e n t i r e  s tu d y  r e g io n .  The p r e d ic te d  p a th  a r e a  a l s o  r e p r e s e n ts  th e  
a r e a l  p r o b a b i l i t y  o f  a  to rn a d o  s t r i k i n g  a  p o in t  w i th in  th e  s tu d y  a r e a .  
The a r e a l  p r o b a b i l i t y  e q u a ls  th e  p a th  a re a  d iv id e d  by th e  t o t a l  a r e a  
u n d e r  c o n s id e r a t io n .  T hus, i f  a 50% r e d u c t io n  i n  freq u en cy  and 
m ag n itu d e  o f  to rn a d o e s  o c c u rs  in  th e  f u t u r e ,  th e  a r e a l  p r o b a b i l i t y  o f  
a  to rn a d o  s t r i k i n g  a  p o in t  i n  a  g iven  y e a r  e q u a ls
When t h i s  compared w ith  th e  a r e a l  p r o b a b i l i t y  p r e d ic te d  f o r  th e  p r e s e n t  
(no  p a ra m e te r  ch an g es) o f  .0 0 0 7 3 , th e  50% changes i n  freq u en cy  and
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m agnitude red u ce  th e  a r e a l  p r o b a b i l i t y  by 76%. A lso  n o te  t h a t  th e  
p r e s e n t  a r e a l  p r o b a b i l i t y  a s  p r e d ic te d  by t h i s  model i s  c o n s id e r a b ly  
lo w e r th an  th e  .0036 e s t im a te d  by Thom (1 9 6 3 , 73) f o r  an  a r e a  i n
C e n tr a l  Oklahoma. Thom e s tim a te d  th e  a v e ra g e  p a th  a re a  f o r  a l l  t o m a -
2 2do es i n  th e  U n ite d  S t a t e s  to  be  2 .8  m ile s  (7 .2 5  Km ) w hereas th e
f in d in g s  o f  t h i s  s tu d y  in d i c a t e  C e n tra l Oklahoma to rn a d o e s  a v e ra g e  
2 2.5 1  m ile s  (1 .5 3  Km ) .  Thom a ls o  used  a  h ig h e r  freq u en cy  p e r  u n i t  
a r e a  f o r  C e n tra l  Oklahoma th a n  was used  i n  t h i s  s tu d y . These d i f f e r ­
e n c e s  o f  co u rse  a c c o u n t f o r  th e  h ig h e r  p r o b a b i l i t i e s  re c o rd e d  by  Thom.
O b se rv a tio n  o f  th e  d a ta  in  T ab le  11 and  th e  second d e g re e  t r e n d  
s u r f a c e  co n to u r d iag ram  i n  F ig u re  6 i n d i c a t e s  t h a t  freq u en cy  and  
m agn itude a re  n e a r ly  e q u a l ly  s e n s i t i v e  to  p a ra m e te r  ch an g e s . F o r
exam ple , th e  p r e d ic te d  p a th  a re a  f o r  a  40% fre q u e n c y  d e c re a se  e q u a ls  
2
123 m ile s  , and th e  p r e d ic te d  p a th  a re a  f o r  a  40% m agnitude d e c re a s e  
2
e q u a ls  122 m ile s  . T h is  i s  in d ic a te d  in  F ig u r e  6 by th e  e q u a l  s p a c in g  
o f  t h e  c o n to u rs  on t h e  X (freq u en cy ) and Y (m agn itude) a x e s . The 
s p a c in g  o f  th e  c o n to u rs  i s  n o t  un ifo rm  away from  th e  X and Y a x e s .
The s u r f a c e  s lo p e  d e c re a s e s  ou tw ard ly  away from  th e  o r ig i n  p ro d u c in g  
th e  concave s u r f a c e .  The co n v av ity  i n d i c a t e s  t h a t  th e  com bined e f f e c t  
p a th  a re a  o f f re q u e n c y  and  m agnitude changes d im in ish e s  w ith  in c r e a s e d  
m o d if ic a t io n .
P a th  A rea A n a ly s is — D ependent Frequency and  M agnitude
The c o n ç u te r  s im u la t io n  model was d e v e lo p e d  u nder th e  a ssu m p tio n  
t h a t  freq u en cy  and  m ag n itu d e  o f  to rn a d o e s  a r e  in d e p e n d e n t. I f  th e y  a r e  
i n  f a c t  dependen t even  g r e a t e r  p a th  a re a  d e c re a s e s  w i l l  r e s u l t  from  
m o d if ic a t io n  e f f o r t s  a im ed a t  freq u en cy  o r  m ag n itu d e  o r b o th  b e c a u se  
th e  change in  one p a ra m e te r  w i l l  cau se  a  c o r re s p o n d in g  change i n  th e
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o th e r .  The d a ta  c o l l e c t e d  from  th e  s tu d y  a r e a  w ere  e v a lu a te d  and  th e  
r e l a t i o n s h i p  betw een f re q u e n c y  and m agnitude was d e te rm in e d . The 
e x p e c te d  t o t a l  p a th  a r e a  f o r  tw en ty  y e a rs  was th e n  compared from  th e  
in d e p e n d e n t p a th  a re a  e s t im a te s  ta k in g  t h i s  r e l a t i o n s h i p  o r  depen­
dency i n t o  a c c o u n t.
One m ethod o f  e v a lu a t in g  th e  r e l a t io n s h ip  be tw een  two v a r i a b l e s  
i s  c o r r e l a t i o n  a n a l y s i s .  The c o r r e l a t i o n  c o e f f i c i e n t  i s  a  m easure  
o f  th e  s t r e n g th  o f  th e  r e l a t i o n s h i p  betw een two v a r i a b l e s .  I f  th e  
sam p le  c o r r e l a t i o n  c o e f f i c i e n t  i s  t e s t e d  and found  to  be s t a t i s t i c a l l y  
d i f f e r e n t  th a n  z e ro ,  th e  v a r i a b l e s  a re  th e n  d e p e n d e n t. The a v e ra g e  
p a th  a r e a  o f  o b se rv ed  to rn a d o e s  i n  th e  s tu d y  a r e a  was c a lc u la te d  
and th e  r e s u l t s  f o r  tw en ty  y e a r s  a r e  shown i n  T ab le  13.
T ab le  13 
A verage P a th  A rea P e r Tornado
Y ear Frequency T o ta l  P a th  A rea 
(m ile2)
Average P a th  A rea  
(m ile2 )
1957 29 69.53 2 .39
1960 27 81.68 3 .0 2
1961 23 7.32 .31
1965 23 5.59 .24
1963 18 3.63 .15
1954 17 9.44 .55
1970 17 11.71 .69
1973 17 15.34 .90
1959 16 7 .02 .41
1968 15 1 .82 .12
1955 13 3.06 .23
1956 10 14.70 1 .47
1967 10 2 .90 .29
1962 9 1 .19 .13
1964 9 .82 .09
1966 8 .30 .04
1969 8 1 .57 .20
1958 7 6.06 .87
1971 5 1 .13 .23
1972 4 1 .48 .37
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I n  o rd e r  to  t e s t  th e  s ig n i f i c a n c e  o f  th e  c o r r e l a t i o n  c o e f f i c i e n t ,  
t h e  v a r i a b le s  m ust b e  n o rm a lly  d i s t r i b u t e d .  I t  h a s  been  p r e v io u s ly  
shown t h a t  th e  a n n u a l f re q u e n c y  d i s t r i b u t i o n  I s  lo g n o rm al. The a v e ra g e  
p a th  a re a s  w ere p l o t t e d  on a  f r a c t i l e  d ia g ra m  w ith  a  log^g  s c a l e  and 
a l l  p o in t s  f e l l  w i th in  th e  95% c o n fid e n c e  l i m i t s .  The K olm orgorov- 
S m lm ov  t e s t  was a l s o  p erfo rm ed  r e s u l t i n g  In  a  d o f  .1 0 , w hich  c o r r e s ­
ponds to  c h i - s q u a r e  o f  .4 0 . T h is v a lu e  h a s  an a s s o c ia te d  p o f  a p p ro x i­
m a te ly  .8 5 , I n d i c a t in g  a  good agreem ent b e tw een  th e  lo g n o rm al d i s t r i ­
b u t io n  and th e  o b se rv e d  d a t a .
The c o r r e l a t i o n  c o e f f i c i e n t  betw een f re q u e n c y  and a v e ra g e  p a th
a r e a  was .4 1 . The t - t e s t  can  b e  used  to  d e te rm in e  I f  th e  c o r r e l a t i o n
c o e f f i c i e n t  d i f f e r s  s i g n i f i c a n t l y  from  z e ro  (C ro x to n , 1955, 7 2 2 ).
The t  v a lu e  e q u a le d  1 .9 1  w ith  th e  c r i t i c a l  v a lu e  o f  t  a t  a lp h a  .0 5  
e q u a l  to  1 .7 3 . C o n seq u en tly  th e  v a lu e  o f  r  I s  s i g n i f i c a n t l y  d i f f e r e n t  
th a n  z e ro .
T hese r e s u l t s  I n d i c a t e  th a t  f re q u e n c y  and m agnitude o f  to rn a d o e s  
a r e  d ep en d e n t. T h is  c o n c lu s io n  can o n ly  b e  made s p e c i f i c a l l y  f o r
th e  s tu d y  a r e a  u n d e r c o n s id e r a t io n  h e re .  How ever, th e re  I s  no r e a ­
so n  to  assume t h a t  c o n d i t io n s  cau s in g  th e  dependency In  one a r e a  sh o u ld  
b e  a b s e n t  In  a n o th e r .  One w ould e x p e c t a  dependency  to  r e s u l t  from  
s im p le  p r o b a b i l i t i e s  a lo n e .  When fre q u e n c y  I s  h ig h ,  th e  p r o b a b i l i t y  
o f  an  In f r e q u e n t  h ig h  m ag n itu d e  to rn ad o  w ould  b e  g r e a t e r .  A lso  In  y e a rs  
when freq u en cy  I s  h ig h .  I t  I s  l i k e l y  t h a t  c o n d i t io n s  spaw ning to rn a d o e s  
a l s o  have an  e f f e c t  on to rn a d o  m agn itude .
R e g re s s io n  e q u a t io n s  w ere  d e te rm in ed  by  r e g r e s s in g  fre q u e n c y  on 
a v e ra g e  p a th  a r e a  and by  r e g r e s s in g  a v e ra g e  p a th  a r e a  on fre q u e n c y .
T hese  e q u a t io n s  I n  lo g ^ g  v a lu e s  w ere:
6 2
Ymag = -1 .3 8 9  +  .8465X ( f r e q . ) (14)
and
Y fre q . = 1 .188  + .1 9 8 8 X ^ ^ g   ^ (15)
The r e s i d u a l s  from  th e  p r e d i c t i o n  e q u a tio n s  a r e  n e c e s s a r i ly  la r g e  
b e c a u se  th e  c o e f f i c i e n t  o f  d e te rm in a tio n  i s  o n ly  .1 7 .  The r e s id u a l s  
from  b o th  r e g re s s io n s  w ere p l o t t e d  on a  f r a c t i l e  d ia g ra m  and a l l  
p o in t s  w ere  w e l l  w ith in  95% c o n f id e n c e  l i m i t s .  The p a ra m e te r  o f  th e s e  
two n o rm al d i s t r i b u t i o n s  w ere  u sed  in  c o n ju n c tio n  w ith  th e  r e g r e s s io n  
e q u a t io n s  to  s im u la te  p r e d ic te d  v a lu e s  o f  th e  d ep e n d e n t v a r ia b le  from  th e  
a c t u a l  e m p ir ic a l  v a lu e  o f  th e  in d e p en d en t v a r i a b l e .  T h is  was done to  
in s u r e  t h a t  th e  norm al d i s t r i b u t i o n s  c o r r e c t ly  r e p r e s e n te d  th e  e r r o r  
term s o f  th e  r e g re s s io n  e q u a t io n s .  The r e s u l t i n g  o u tp u t  from th e s e  
s im u la t io n s  w ere t e s t e d  u s in g  th e  K olm orgorov-Sm im ov t e s t .  The 
r e s u l t s  o f  t h i s  t e s t  i s  shown i n  T ab les 14 and 15 .
T a b le  14
K olm orgorov-Sm im ov T e s t  o f  O bserved and G en era ted  
A verage P a th  Area
Frequency C um ula tive  P ro p o r tio n
I n t e r v a l  
Log^Q m ile s
Observed G en e ra ted O bserved G enerated
0 -  .2 4 9 10 .45 .5 0
.2 5 -  .4 9 4 4 .65 .7 0
.5 0 -  .7 4 2 2 .75 .8 0
.7 5 -  .9 9 2 2 .85 .9 0
1 .0 0 -1 .2 4 0 1 .85 .9 5
1 .2 5 -1 .4 9 1 0 .90 .9 5
1 .5 0 -1 .7 4 0 0 .90 .9 5
1 .7 5 -1 .9 9 0 0 .90 .9 5
2 .0 0 2 1 1 .00 1 .0 0
.10
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T able 15
K olm orgorov-Sm im ov T e s t o f  O bserved  and G enerated  
A nnual F re q u e n c ie s  
F requency  C um u la tiv e  P ro p o r t io n
I n t e r v a l  O bserved G enerated  O bserved  G enerated  d - v a lu e
0 -  3 0 0 0 0
4 -  7 3 2 .1 5 .10
8-11 6 5 .4 5 .35
12-15 2 6 .5 5 .65
16-19 5 1 .8 0 .70
20-23 2 1 .9 0 .75
24-27 1 4 .9 5 .95
27 1 1 1 .0 0 1 .00
.1 5
The d -v a lu e  o f  .1 0  c o rre sp o n d in g  to  th e  a v e ra g e  p a th  a r e a  t e s t  i s  
e q u iv a le n t  to  a c h i - s q u a r e  v a lu e  o f  .4 0 . T h is  c h i- s q u a re  v a lu e  h a s  
a  p o f  a p p ro x im a te ly  .8 5  in d i c a t in g  a  good ag reem en t betw een th e  
o b se rv ed  and g e n e ra te d  av e ra g e  p a th  a r e a  v a lu e s .  A d -v a lu e  o f  .15  
was o b ta in e d  from th e  freq u en cy  t e s t  w hich  i s  e q u iv a le n t  to  a  c h i -  
s q u a re  v a lu e  o f  .9 0 . The p c o rre sp o n d in g  to  t h i s  v a lu e  i s  e q u a l to  
a p p ro x im a te ly  .6 0  i n d i c a t i n g  th a t  th e  c h an c es  o f  g e t t in g  a  c h i - s q u a r e  
v a lu e  o f  t h i s  m agn itu d e  o r  h ig h e r  from  sam p les  ta k e n  from  th e  same 
d i s t r i b u t i o n  i s  e q u a l to  .6 0 . T h e re fo re  t h e r e  i s  no re a so n  to  s u s p e c t  
t h a t  th e  sam ples came from  d i f f é r e n t  d i s t r i b u t i o n s .  S in c e  th e  
r e s i d u a l s  from  th e  r e g r e s s io n  e q u a tio n s  h av e  b een  shown to  be  n o rm a lly  
d i s t r i b u t e d  and s in c e  th e  e q u a tio n s  w ith  th e  e r r o r  term s g e n e ra te d  
v a lu e s  s im i la r  to  th e  a c t u a l  freq u en cy  and  m agn itu d e  v a lu e s ,  th e  
r e g r e s s io n  e q u a tio n s  can  be  used  w ith  c o n f id e n c e  to  p r e d ic t  th e  
e x p e c te d  v a lu e  o f  th e  dependen t v a r i a b le  w i th  changes i n  th e  in d e ­
p e n d e n t v a r i a b le .
The r e g r e s s io n  e q u a t io n s  14 and 15 w ere  u sed  to  p r e d i c t  th e  v a lu e  
o f  th e  d ependen t v a r i a b l e  f o r  each 10% d e c re a s e  i n  freq u en cy  and
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m a g n itu d e . The a b s o lu te  d e c re a se  i n  f re q u e n c y  and m agn itude f o r  
e a c h  10% change I s  shown In  T able 16.
T ab le  16 
P r e d ic t e d  V alues o f  D ec re a se
Frequency D ependent 
% X mag, change D e c re a se  in  Y
M agnitude D ependent
a f t  ^  ^  a n  ^  « 0  « M a s  ^ 3 »  ^
% X f r e q . change D e c re a se  i n  Y
0 0
10 .2 5 10 .0 3
20 .5 3 20 .0 6
30 .8 5 30 .0 9
40 1 .1 9 40 .1 2 2
50 1 .6 0 50 .1 5 4
60 2 .0 7 60 .1 8 7
70 2 .6 4 70 .2 2 1
80 3 .4 1 80 .2 5 8
90 4 .6 0 90 .2 9 7
The v a lu es  found  i n  T ab le  16 form  th e  b a s i s  fo r  th e  c o m p u ta tio n  o f 
new m a tr ic e s  r e p r e s e n t in g  th e  ex p ec ted  20 y e a r  p a th  a r e a  when freq u en cy  
and  m agnitude a r e  c o n s id e re d  d ep en d en t. The ex p ec ted  v a lu e  o f  d e c re a s e  
i s  known f o r  v a r io u s  co m b in a tio n s  o f in d e p e n d e n t m o d i f ic a t io n s .  
T h e r e f o re ,  th e  amount o f  d e c re a se  r e s u l t i n g  from  th e  dependency  can 
b e  s u b t r a c te d  from  th e  e x p e c te d  in d e p e n d e n t v a lu e  c o r re s p o n d in g  to  
v a r io u s  frequency  and m agn itu d e  m o d i f ic a t io n s .  T his can  b e  acco m p lish ed  
by  two d i f f e r e n t  m e thods. F requency m o d if ic a t io n s  can b e  h e ld  c o n s ta n t  
a t  a  c e r t a i n  l e v e l ,  an d  th e n  a t te m p ts  can  th e n  be made to  d e c re a s e  
m a g n itu d e  o r  m agn itu d e  m o d if ic a t io n s  can  b e  h e ld  c o n s ta n t  and  d e c re a se  
can  th e n  be  made on fre q u e n c y . Such a  te c h n iq u e  does n o t  e v a lu a te  th e  
e x a c t  n a tu r e  o f  th e  d ependency , b eca u se  com plex feedback  m echanism s 
o p e r a t e  betw een f re q u e n c y  and m agn itude. The te c h n iq u e  w i l l  how ever
6 5
b e  a c c u r a t e  enough to  e v a l u a t e  th e  r e l a t i v e  e x t e n t  o f  th e  dependency  
r e l a t i o n s h i p  b e tw een  f re q u e n c y  and m a g n itu d e .
T a b le  17 i l l u s t r a t e s  t h e  r e s u l t s  when f re q u e n c y  i s  h e ld  c o n s t a n t  
and  c h a n g e s  i n  m agn itude  a r e  p e rfo rm e d . The v a lu e s  a lo n g  th e  b o tto m  
row , c o n s id e r in g  o n ly  f r e q u e n c y  c h a n g e s , w ere  d e te rm in e d  by
DCV =■ CV -  (DA • X f r e q .  • 20) (1 6 )
w h e re  DCV i s  th e  d ep en d e n t c e l l  v a lu e ,  CV i s  t h e  in d e p e n d e n t c e l l  v a l u e ,  
DA^ i s  t h e  p r e d ic t e d  d e c r e a s e  i n  a v e ra g e  p a th  a r e a  f o r  a  g iv en  
f re q u e n c y  change  i ,  and x  f r e q . ^  i s  th e  e x p e c te d  f re q u e n c y  a t  a  g iv e n  
f r e q u e n c y  change  i .  T hese  v a lu e s  w ere  th e n  u se d  to  d e te rm in e  th e  v a lu e s  
up e a c h  co lu m n , fre q u e n c y  h e l d  c o n s ta n t  and  m a g n itu d e  changes p e r fo rm e d , 
by
DCV = TGV -  (DF^ • X m ag. • 20) (17 )
w h ere  DCV i s  th e  d ep en d en t c e l l  v a lu e ,  TGV i s  t h e  tem p o rary  c e l l
v a lu e  r e s u l t i n g  from  a  10% d e c r e a s e  in  th e  p r e v io u s  c e l l ,  DF^ i s  t h e
p r e d i c t e d  f re q u e n c y  d e c re a s e  a t  a  g iv e n  m a g n itu d e  change  i ,  x mag. 
i s  t h e  e x p e c te d  a v e ra g e  p a th  a r e a  a t  a g iv e n  m a g n itu d e  change i .
Table 17
Path Area—Frequency Primary Dependent V ariable 
90 17 .7 7
80 3 7 .1  1 .48  APPROACHING ZERO
o  70 5 7 .2 1  24.27 16 .40  9 .2 9  1 .9 360
g 60 77 .89  47 .88  37.39 2 7 .7 6  18 .12  9 .29  1 .1 7
^  50 98 .8 6  71.69 58 .60  4 6 .4 7  34 .53  23 .53  1 3 .3 7  3 .9 5«
*§ 40 1 2 0 .4 5  95.33 79.64 6 5 .0 1  50 .77  37 .60 2 5 .4 0  1 4 .1 1  3.804J
30 1 4 2 .1 6  118.38 100.08 8 2 .9 6  66 .42  51 .0 8  3 6 .8 4  2 3 .6 8  11.64 1 .2 4
^  20 1 6 4 .2 6  140.59 119.72 1 0 0 .1 0  81 .26  63 .75 4 7 .4 7  32 .4 4  18.67 6 .7 3
10 1 8 6 .5 5  161.65 136.16 1 1 6 .0 4  94 .9 0  75 .22 5 6 .9 0  4 0 .0 0  24.50 10 .57
0 2 0 9 .0 2  181 .35  155.22 1 3 0 .5 9  107.15 8 5 .3  6 4 .9 4  46 .1 7  28.95 13 .47
0 10 20 30 40 50 60 70 80 90
Frequency Change %
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T ab le  18 I l l u s t r a t e s  th e  r e s u l t s  o f  t h e  dependency r e l a t i o n s h i p  
when m agnitude I s  h e ld  c o n s ta n t  and f re q u e n c y  changes a r e  p e rfo rm e d . 
The method used  to  d e te rm in e  th e  c e l l  v a lu e s  I s  s im i l a r  to  t h a t  u sed  
ab ove  I n  T ab le  17 e x c e p t th e  v a lu e  o f  th e  f i r s t  column I s  d e te rm in e d  
f i r s t  and th e n  c a l c u l a t i o n s  p roceed  a c ro s s  th e  row s.
T ab le  18
P a th  A rea—-M agnitude P rim ary  D ependent V a r ia b le
90 17.77 9 .2 4
80 37.10 26 .6 5 1 0 .9 8 APPROACHING ZERO
70 57 .21 4 4 .7 4 2 7 .0 5 5 .6 2
60 77.89 63 .3 5 4 3 .5 9 20.09
50 98.86 82 .2 2 6 0 .3 6 34 .76 6 .6 2
40 120.45 1 01 .70 7 7 .7 3 50.02 19 .7 7
30 142.16 121 .21 9 5 .0 4 65.13 32 .68
20 164.26 141 .10 112 .74 80.63 4 5 .9 8 10.38
10 186.55 16 1 .1 0 1 3 0 .4 3 96.02 59 .09 21.17
0 209.02 181 .35 15 5 .2 2 130.59 10 7 .1 5 ;.b 5 .3 . 64 .9 4
0 10 20 30 40 50 60 70 80 90
Frequency Change %
The com parison  b e tw een  T ab les  17 and 18 I n d ic a te s  t h a t  ch an g es In  
f re q u e n c y  r e s u l t  In  l a r g e r  t o t a l  p a th  a r e a  d e c re a se s  th a n  do changes 
I n  m ag n itu d e . I f  a  d e c i s io n  has to  be made c o n c e rn in g  w hich  p a ra m e te r  
t o  m odify  th e  o b v io u s  d e c i s io n ,  c o n s id e r in g  th e  dependency r e l a t i o n s h i p  
found  h e r e .  I s  to  m od ify  freq u en cy . As w as In d ic a te d  In  th e  p re v io u s  
s e c t i o n  on p o s s ib le  to rn a d o  m o d if ic a t io n  te c h n iq u e s ,  fre q u e n c y  may b e  
t h e  m ost l i k e l y  p a ra m e te r  to  be m o d if ie d . I f  t h i s  a ssu m p tio n  I s  t r u e ,  
f re q u e n c y  w ould a l s o  p ro v id e  a g r e a t e r  d e c re a s e  th a n  m ag n itu d e  In  ex p ec ted  
p a th  a r e a  and th e r e f o r e  p roduce  th e  g r e a t e s t  d e c re a se  In  e x p e c te d  to rn a ­
do damage v a lu e .
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Damage V alue A n a ly s is
The d a ta  g a th e re d  from  th e  Oklahoma Tax Commission in d ic a te d  t h a t  
q u a d ra ts  (2 ,4 ) and (2 ,2 )  h ad  th e  ex trem e low and  h ig h  a s s e s s e d  v a lu e  o f  
Im provem ents. These q u a d ra ts  w ere th e r e f o r e  ch o sen  f o r  damage v a lu e  
a n a l y s i s .  Q uadrat ( 2 ,4 )  was c a lc u la te d  to  h av e  ap p ro x im a te ly  95% o f  
I t s  t o t a l  a re a  c la s s e d  a s  r u r a l  and a t o t a l  a s s e s s e d  v a lu e  o f  Im prove­
m ents e q u a l  to  $57 .6  m i l l i o n ,  o f  w hich $ 3 1 .1  m i l l i o n  w ere u rb a n  Im prove­
m en ts . Q u ad ra t (2 ,2 )  c e n te r e d  on Oklahoma C i ty ,  had a  t o t a l  a s s e s s e d  
v a lu e  o f  $ 2 ,3 7 0 .4  m i l l i o n ,  o f  w hich $38 .1  m i l l i o n  was r u r a l .  U rban 
and b u i l t  up a re a  a c c o u n te d  f o r  22% o f  th e  a r e a  in  q u a d ra t ( 2 ,2 ) .
T hese c a l c u l a t i o n s  a r e  found  In  A ppendix C.
The s im u la te d  p a th  a r e a  in  sq u a re  m ile s  f o r  th e  two s e le c te d  
q u a d ra ts  f o r  each o f  th e  100 " ru n s"  i s  l i s t e d  in  T ab le  19.
The p a th  a re a s  g e n e r a l ly  d e c re a se  w ith  d e c re a s e s  in  f re q u e n c y  
and m ag n itu d e  as d id  th e  p a th  a r e a  d i s t r i b u t i o n  f o r  th e  e n t i r e  s tu d y  
a r e a  I n  T ab le  11 . H owever, th e  o c c u rre n c e  o f  a  few la rg e  to rn a d o e s  
w i th in  any g iven  " ru n "  ca u se d  e x c e p tio n s  to  t h i s  g e n e r a l iz a t io n .  F o r 
exam ple , th e  r u r a l  q u a d ra t  v a lu e  o f  22 .86  s q u a re  m ile s  w ith  50% 
fre q u e n c y  and 40% m agn itu d e  d e c r e a s e s ,  r e s u l t e d  when a  to rn ad o  t h a t  
o r ig i n a t e d  In  th e  q u a d ra t  to  th e  so u th w e s t, p a s se d  th ro u g h  th e  e n t i r e  
r u r a l  q u a d ra t  p ro d u c in g  a  21 .2 1  sq u a re  m ile  p a th  a r e a .  T his exam ple 
I s  t y p i c a l  o f  a l l  th e  an o m a lie s  found In  T ab le  19 .
The damage v a lu e  In  d o l l a r s  fo r  each  e le m e n t o f  T ab le 19 was 
c a l c u la te d  u s in g  th e  fo rm u la  number 10. The r e s u l t s  o f  th e s e  c a l c u l a ­
t i o n s  f o r  th e  s e le c te d  q u a d ra ts  and f o r  th e  u n m o d ified  and m o d if ie d  
I n t e n s i t y  d i s t r i b u t i o n s  a r e  l i s t e d  In  T ab le  20 In  m i l l io n s  o f  d o l l a r s .
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TABLE 19 
Path Areas of Selected Quadrats 
Quadrat (2 .4)
)0 .8532 .1719 .0256 .0606 .2037 ..0416 .0416 .0385 .1417 0.0
30 1.7331 2.0683 3.4454 .0160 .1714 .2952 2.5343 .0152 .0011 0.0
?o 1.0720 3.7714 .9279 3.2994 3.8216 .6137 .1819 .4488 .0280 .1777
g 50 2.2478 1.3070 1.3629 0.0 3.7484 .8079 1.8400 .1243 .0044 .0380
o 50 4.4055 1.0235 .8013 .5967 1.3614 1.0567 .4100 37.25 .0816 .8127
o +0 .2.7217 3.4461 1.4778 19.0648 2.4070 22.86 .1112 .1786 .9211 .77523
30 14.0430 4.3250 7.0464 6.8697 1.7450 21.3593 3.1208 1.7961 .1276 .0074
1
20 11.6409 .9666 2 . 25S7 11.1651 10.8124 5.0872 .6588 2.3023 .1616 .0578
LO 31.8645 14.4061 26.2036 3.7970 9.0253 .3358 2.1364 1.1412 3.2630 16.0056
0 42.81 7.33 7.9547 .7698 10.1719 5 .2380 .4723 .0289 4.2501 1.0604
10 20 30 40 50 60 70 80 90
Frequency Change {%)
Quadrat (2 .2)
)0
^ 0
50
f to
LO 
0
1.7107 .3441 .3906 1.1280 .8862 .5771 .9675 .0321. .0520 .0307
7.6382 .6031 1.6831 .6208 1.9783 1.2104 .2686 .0709 .0178 .0118
9.2914 5.0870 4.0314 7.0690 .1726 .3409 .5148 .8223 .1656 1.9259
11.6951 .4420 3.7166 .0022 1.1634 7.8744 '7.8I 5O .0225 .3767 .3324
13.9414 1.5137 7.2998 3.4457 3.5709 7.0753  :2.4348 .1270 4.4201 :2.5061
15.5676 4.0592 2.6296 1.4150 4.3226 3.9654 1.2272 .3007 .0536 .2604
8.9441 12.5797 7.3421 21.0804 1.1931 11.9932 .5922 5.9203 .7051 2.7631
8.0537 23.9686 13.0089 11.6012 .5690 8.3572 1.9978 .1252 ..7822 .4452
11.95 8.8254 6.0063 4.7726 5 . 1323:. 7 . 5OC6 1.4438 .2449 .0038 .1767
12.98 32.57 3.3619 2.743 5.9757 ■ 1.0265 2.9643 6.7829 1.8864 1 .9597
10 20 30 40 50 60 70 60 90
Frequency Change (/»)
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TABLE 20
Rural Modified 
In  M illions of Dollars
Î0 .0233 .0047 .0007 .0017 .0056 .0039 .0011 .0011 .0039 0 .0
% 30 .0473 .0570 .0940 .0004 .004? .0081 .0691 .0004 0.0 0.0
£
5
70 .0292  .1029 .0253 .0900 .1042 .0167 .0050 .0122 .0008 ..0048
50 .0613 .0357 .0372 0 .0 .1022 .0220 .0502 .0034 .0001 .0010150 .1202 .0279 .0219 .0163 .0371 .0288 .0112 .0102 .0022 .0222
140 .0742 .0940 .0403 .5200 .0657 .6235 .0030 .0049 .0251 .0211
1
30 .3832  .1180 .1922 .1874 .0476 .5826 .0851 .0490 .0035 .0002
20 .3175  .0264 .0616 .3046 .2949 .1368 .0180 .0628 .0044 .0016
10 .8692  .3929 .7149 .1036 .2462 .0092 .0583 .0311 .0890 .4366
0 .1677  .1999 .2170 .0210 .2775 .1429 .0129 .0008 .1159 .0289
10 20 30 40 30 60
Freq.uency Change (^)
70 80 90
X) 
30
50
9
I
ffei
50
10
30
0
ko
0
.0056 .0017 .0003 .0006
.0174 .0209 .0346 .0002
.0108 .0576 .0093 .0331
.0225 .0131 .0137 0.0 
.0442 .0103 .0080 .0060
.0273 .0346 . 0148 .1913
.1409 .0434 .0707 .0689
.1168  .0057 .0227 .1120
.3197 .1445 . 2629 .0381
.4295 .0735 .0793 .0077
Rural ünnodll'led
.0020 .0014" .0004 .0004 .0014 0.0
.0017 .0030 .0254 .0002 0.0 0.0
.0383 .0062 .0018 .0045 .0003 .0018
.0376 .0081 .0185 .0013 0 .0  .0004
.0137  .0106 .0041 .0037  .0008 .0082
.0241 .2293 .0011 .0018 .0092 .0078
.0175  .2143 .0313 .0180 .0013 .0001
.1085 .0510 .0066 .0231 .0016 .0006
.0905  .0034 .0214 .0114 .0327 .1606
-1020 .0525 .0047 .0003 .0426 .0106
10 20 30 4C 50 60 70
Are^ueney Change {%)
80 90
70
TABLE 20 continued
Urtan "ïfriModlfied
90 1.9232 .3870 .4393 1.2685 .9966 .6490 1.0880 .0797 .0585 .0345
S
80 8.5898 .6782 1.8928 .6981 2.2253 1.3612 .3021 .0797 .0200. .0133
g 70 10.4490 5.7208 4.5337 7.9497 .1941 .3834 .5789 .9248 .1862 2.1658
60 13.1522 .4971 4.1796 .0025 I .3083 8.8555 8.7687 .0253 .4236 .3738
o 50 15.6784 1.7023 8.2093 3.8750 4.0158 7.9568 2.7381 .1428 4.9703 2.8183
o
% ko 17.5072 4.5049 2.9572 1.5913 4.8612 4.4594 1.3801 .3382 .0603 .2928
30 10.0584 14.1470 6.2568 23.7068 1.3417 13.4874 .6660 6.6579 .7929 3.1074
£ 20 9.0571 26.9773 14.6293 13.0466 .6399 9.3984 2.2467 .1408 .8797 .5007
10 13.4388 9.9283 6.7546 5.3672 5.7717 8.4351 1.6237 .2754 .0043 .2010
0 14.5972 36.6279 3.7808 3.0847 6.7202 1.1544 3.3336 7.6280 2.1214 2.2039
0 10 20 30 40 50 60 70 80 90
Frequency Change (%) 
Urban Modified
90 .7063 .1421 .1613 .4659 .3660 .2384 .3996 .0133 .0215 .0127
80 3.1547 .2491 .6952 .2564 .8173 .4999 .1109 .0293 .0074 .0049
70 3.8376 2.1010 1.6651 2.9197 .0713 .1408 .2126 .3396 .0684 .7954
60 4.8303 .1826 1.5350 .0009 .4805 3.2523 3.2278 .0093 .1556 .1373
50 5.7581 .6252 3.0150 1.4232 1.4649 2.9223 1.0056 .0525 1.8256 1.0351
40 6.4298 1.6765 1.0861 .5844 1.7853 1.6378 .5069 .1242 .0221 .1076
30 3.6941 5.1957 3.0324 8.7067 .4928 4.9535 .2446 2.4452 .2912 1.1412
20 3.3264 9.9078 5.3728 4.7916 .2350 3.4517 .8251 .0517 .3231 .1039
10 4.9356 3.6463 2.4807 1.9712 2.1198 3.0979 .5963 .1011 .0016 .0738
0 5.3610 13.4521 1.3885 1.1329 2.4681 .4240 1.2243 2 .8OI5 .7791 .8094
0 10 20 30 40 50 
Frequency Change {%)
60 70 80 90
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B ecause  o f  th e  random v a r i a t i o n  In  th e  damage v a lu e  d a ta  shown i n  
T ab le  20 and  becau se  o f  th e  ad v a n ta g e s  o f  a  p r e d i c t i v e  e q u a t io n ,  m a tr ix  
s u r f a c e  a n a l y s i s  was p e rfo rm ed  on each  o f  th e  damage v a lu e  m a t r i c e s .
The seco n d  d e g re e  o r th o g o n a l p o ly n o m ia l s u r f a c e  was chosen  f o r  a n a l y s i s  
I n  each  I n s ta n c e .  T h is  d e c i s io n  was made b e c a u se  th e  damage v a lu e  
I s  d i r e c t l y  and p o s i t i v e ly  r e l a t e d  to  th e  p a th  a r e a .  The r e l a t i o n s h i p  
betw een  p a th  a re a  and v a r io u s  freq u en cy  and m ag n itu d e  m o d if ic a t io n s  
h a s  p r e v io u s ly  been  shown to  b e  w e ll  r e p r e s e n te d  by th e  second d e g re e  
s u r f a c e .  A s im i l a r  r e l a t i o n s h i p  would be  e x p e c te d  to  e x i s t  b e tw een  
damage v a lu e  and freq u en cy  and  m agn itude ch an g es f o r  th e  two q u a d r a t s  
u n d e r  c o n s id e r a t io n .  H ow ever, th e  n a tu re  o f  th e  r e l a t i o n s h ip  and 
t h e r e f o r e  th e  n a tu re  o f  th e  s u r f a c e  f i t  w ould n o t  b e  ex p ec ted  to  b e  
as  good f o r  th e s e  s e le c te d  q u a d r a t s .  The t o t a l  number o f  to rn a d o e s  
In v o lv e d  i n  th e  s im u la tio n  e x p e rim e n t f o r  each  q u a d ra t  would e q u a l  
a p p ro x im a te ly  1 /16  o f  th e  t o t a l  number in c lu d e d  i n  th e  e n t i r e  s tu d y  
a r e a  a n a l y s i s .  S in ce  th e  sam p le  s i z e  f o r  each  q u a d ra t  I s  c o n s id e ra b ly  
s m a l l e r ,  th e  random o c c u rre n c e  o f  l a r g e  to rn a d o e s  w i th in  a  s e l e c t e d  
q u a d ra t  c a u se d  th e  damage v a lu e  e s t im a te s  to  b e  I n f l a t e d  f o r  a  g iv e n  
s im u la te d  " r u n ."  The m a tr ix  s u r f a c e  model ta k e s  th e s e  la r g e  v a lu e s  I n to  
acc o u n t when th e  s u r f a c e  I s  " f i t " , t h e r e f o r e  th e  m odel would b e  
e x p e c te d  to  p r e d ic t  th e  s y s te m 's  c h a r a c t e r i s t i c s .  The second d e g re e  
s u r f a c e s  f o r  unm odified  and  m o d if ie d  I n t e n s i t y  o f  q u a d ra t  (2 ,4 )  a r e  
I l l u s t r a t e d  I n  F ig u re s  7 and  S r e s p e c t iv e l y .
The c o n to u r  p a t t e r n s  I n  F ig u re  7 and 8 a r e  v e ry  s im i la r  to  th e  
p a t t e r n  e x h ib i te d  by th e  c o n to u rs  o f  th e  seco n d  d e g re e  s u r f a c e  o f  p a th  
a r e  f o r  th e  e n t i r e  s tu d y  a r e a .  T h is  I s  to  b e  e x p e c te d  b ecau se  as  
a l re a d y  I n d ic a te d  th e  damage v a lu e  I s  d i r e c t l y  and  p o s i t i v e ly  r e l a t e d
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F ig u re  7
RURAL UNMODIFIED TREND-SECOND DEGREE
M agnitude 
(%  C hange)
8 0 -
6 0 -
40
2 0 -
40
Frequency (%  C hange)
20 80
Contour Interval : Fifty Thouiond D ollars (SiOlOOO)
S O U K C E 'A U T H O I'S  CO M PU TA TIO N S
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F igure  8
RURAL MODIFIED TREND-SECOND DEGREE
M agn itude 
(%  C hange)
8 0 -
6 0 -
4 0 “
2 0 -
<P,
40
F requency  (%  C hange)
8 06 0
Contour Interval < Fifty Thouiond D ollori ($ 5 0 ,0 0 0 )
S O U RC E: AU TH O R'S COM PUTATIONS
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to  p a th  a r e a .  The p a t t e r n s  a r e  a ls o  s i m i l a r  to  th e  p a th  a r e a  s u r f a c e  
in. t h a t  e q u a l p e r c e n t  d e c re a s e s  in  fre q u e n c y  o r  m agnitude r e s u l t  i n  n  
n e a r ly  eq u a l ch anges i n  damage v a lu e s .
The p r e d ic te d  damage v a lu e  in  m i l l io n s  o f  d o l l a r s  f o r  u n m o d ified  
i n t e n s i t y  in  q u a d ra t  ( 2 ,4 )  can  be  c a l c u la te d  f o r  a  g iv en  p e r c e n t  change 
i n  m agn itude  (Y) and f re q u e n c y  (X) by
Z = .5389 +  ( - .0 7 8 4 )X  + (- .0 7 8 6 )Y  +  .0026X^ + .0071XY + .0020Y^ (18) 
The c o r r e l a t i o n  c o e f f i c i e n t  f o r  th e  second  d e g re e  s u r f a c e  was .6 3  
w h ich  in d ic a te d  t h a t  40% o f  th e  t o t a l  v a r ia n c e  o f  th e  damage v a lu e  
d a t a  was e x p la in e d  by th e  s u r f a c e .
The p r e d ic te d  damage v a lu e  in  m i l l io n s  o f  d o l l a r s  f o r  m o d if ie d  
i n t e n s i t y  in  q u a d ra t  ( 2 ,4 )  can be c a l c u la te d  by
Z = .1982 +  ( - .0 2 8 9 ) X  + (-.0289 )Y  + .OOIOX^ + .0026XY +  .0007Y^ (19)  
The c o r r e l a t i o n  c o e f f i c i e n t  and th e r e f o r e  th e  p e rc e n t  o f  e x p la in e d  
v a r ia n c e  a r e  e q u a l to  th e  unm odified  s u r f a c e  b e c a u se  they  a r e  c o n s ta n t  
m u l t ip l e s  o f  each  o th e r .
The co n to u re d  seco n d  d e g re e  damage v a lu e  s u r f a c e s  fo r  q u a d ra t  (2 ,2 )  
th e  p re d o m in a te ly  u rb a n  q u a d r a t ,  a r e  shown i n  F ig u re s  9 and 10.
The c o n to u r p a t t e r n  i s  once a g a in  s i m i l a r  to  th e  p a t t e r n s  found  
on th e  p re v io u s  s u r f a c e s .  The p r e d ic t io n  e q u a t io n  f o r  th e  u n m o d ified  
i n t e n s i t y  s u r f a c e  i s
Z = 17.8470 + (-3 .0 7 7 8 )X  +  (-1 .0646 )Y  + .1211X^ + .1926XY +
(-.0630)Y%  (20)
T h is  q u a d r a t ic  s u r f a c e  e x p la in s  48.4% o f  th e  t o t a l  v a r ia n c e  o f  
th e  i n p u t  d a ta  m a tr ix .  I f  i n t e n s i t y  i s  h e ld  c o n s ta n t  i n  th e  f u tu r e  and  
th e  a b i l i t y  to  d e c re a s e  to rn a d o  freq u en cy  a n d /o r  m agnitude i s  d e v e lo p e d , 
t h i s  m odel p r e d ic t s  t h a t  w ith  o n ly  a  10% d e c re a s e  i n  freq u en cy  and
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F ig u re  9
URBAN UNMODIFIED TREND-SECOND DEGREE
M agnitude 
(% C hange)
8 0 -
60 -
CO.
20-
40
F requency  (%  C hange)
8 06 0
C o n to u r In te rv a l = Two M illion D o lla r*  (S^OOO.OOO)
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F igu re  10
URBAN MODIFIED TREND-SECOND DEGREE
M agnitude 
(%  C hange)
8 0 -
6 0 -
4 0 -
20-
V<3.
20 40
Frequency (%  C h an g e)
80
C ontour Interval : O ne Million D ollar* ($1,000,000)
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m agn itu d e  th e  sav in g s  w ould am ount to  n e a r ly  $4 m i l l i o n  o v e r a  20 
y e a r  p e r io d .  R e a liz in g  t h a t  a  sm a ll p e rc e n ta g e  o f  to rn a d o e s  c au se  m ost 
o f  th e  dam age, th e  m o d i f ic a t io n  e f f o r t  may n o t  b e  e x tre m e ly  e x p e n s iv e  
i n  r e l a t i o n  to  th e  e x p e c te d  s a v in g s .  T h is w ould b e  e s p e c i a l l y  t r u e  
i f  in s t r u m e n ta t io n  w ere a v a i l a b l e  to  d e te rm in e  c o n d i t io n s  when and 
a p p ro x im a te ly  w here an e s p e c i a l l y  h ig h  m agn itude to rn a d o  w ere l i k e l y  
to  o c c u r .
The p r e d ic t io n  e q u a t io n  f o r  th e  m o d ified  i n t e n s i t y  q u a d ra t ic  
s u r f a c e  i s
Z = 7 .0 9 8 4  +  (-1 .1 7 0 2 )X  + (-.55159)Y  +  .0417X^ +  .0803XY +
(-.0 1 7 5 )Y ^  (21)
The s u r f a c e  e x p la in e d  48.4% o f  th e  t o t a l  v a r ia n c e  o f  th e  in p u t d a ta  
m a tr ix .
T h is  c h a p te r  has d e s c r ib e d  th e  d e s ig n  o f  th e  s im u la t io n  e x p e r i ­
m ents and  h a s  an a ly zed  th e  e f f e c t s  o f  to rn ad o  p a ra m e te r  m o d if ic a t io n s  
b a sed  on th o s e  e x p e rim e n ts . The ex p ec ted  p a th  a r e a  changes w ere e s t i ­
m ated c o n s id e r in g  th e  a p p a re n t  dependency betw een  freq u en cy  and m ag n itu d e . 
M a tr ix  s u r f a c e  a n a ly s i s  was u sed  to  p roduce p r e d i c t i v e  m odels f o r  
v a r io u s  to rn a d o  p a ra m e te r  ch an g es  f o r  a  p re d o m in a te ly  r u r a l  and a  
p re d o m in a te ly  u rban  q u a d ra t  w i th in  th e  s tu d y  a r e a .  T hese models 
o f  c o u rs e  o n ly  app ly  to  t h e  s e le c te d  q u a d ra ts ,  b u t  c o u ld  be e a s i l y  
a p p l ie d  t o  o th e r  q u a d ra ts  i n  th e  s tu d y  a re a .
CHAPTER 5 
CONCLUSIONS
The s ta g e s  o f  developm ent o f  t h i s  com puter s im u la tio n  m odel 
p ro d u ced  a  number o f  f in d in g s  th a t  may h av e  im p l ic a t io n s  to  f u tu r e  
to rn a d o  h aza rd  r e s e a r c h .  The r e s u l t s  o f  th e  com puter s im u la t io n  
e x p e r im e n ts ,  w hich  a r e  d i r e c t l y  a p p l ic a b le  o n ly  to  th e  s tu d y  a r e a ,  
fo rm  th e  b a s is  f o r  g e n e r a l iz a t io n s  t h a t  h av e  no s p a t i a l  b o u n d s .
B e fo re  d e t a i l e d  and a c c u r a te  a sse ssm e n ts  o f  th e  e x te n t  o f  th e  to rn a d o  
h a z a rd  can be p ro d u c e d , more in fo rm a tio n  i s  needed  c o n c e rn in g  to rn a d o  
i n t e n s i t y  and i t s  r e l a t i o n s h i p  to  an a c c u r a te  m easure o f  th e  p r o p e r ty -  
a t - r i s k .
In  th e  developm ent o f  th e  com puter s im u la t io n  model th e  lo g ­
n o rm al d i s t r i b u t i o n s  h as  p roved  e x tre m e ly  u s e f u l .  As Thom (1 9 6 3 ,
731) o r i g i n a l l y  showed and Howe (1974, 343) r e c e n t ly  r e p o r te d  th e  
lo g n o rm a l d i s t r i b u t i o n  " f i t s "  th e  p a th  l e n g th ,  w id th  and a r e a  d i s t r i ­
b u t i o n s .  T his d i s t r i b u t i o n  was used i n  th e  com puter s im u la t io n  a s  a  
sa m p lin g  d i s t r i b u t i o n  f o r  p a th  le n g th  a f t e r  th e  goodness o f  f i t  was 
e v a lu a te d .  B efo re  th e  d e c is io n  was made to  g e n e ra te  p a th  w id th  from 
a  r e g r e s s io n  e q u a t io n ,  p a th  w id th s  w ere  f i t  w ith  a  lo g n o rm al d i s t r i ­
b u t i o n .  There can  be  l i t t l e  doubt re m a in in g  t h a t  th e  p a th  l e n g th ,  w id th
and  a r e a  a r e  a l l  lo g n o rm a lly  d i s t r i b u t e d .
Two t h e o r e t i c a l  f re q u e n c y  d i s t r i b u t i o n s  w ere u t i l i z e d  i n  t h i s
s im u la t io n  to  g e n e ra te  an n u a l to rn ad o  f r e q u e n c ie s .  The lo g n o rm a l 
d i s t r i b u t i o n  was u sed  to  g e n e ra te  a n n u a l f re q u e n c ie s  f o r  th e  e n t i r e  
s tu d y  a r e a  and th e  n e g a t iv e  b in o m ia l to  g e n e ra te  an n u a l f r e q u e n c ie s
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f o r  th e  in d iv id u a l  q u a d ra t .  The a b i l i t y  o f  th e s e  d i s t r i b u t i o n s  to  
d e s c r ib e  th e  an n u a l f re q u e n c y  was v e ry  s e n s i t i v e  to  s c a l e  ch an g es.
The n e g a t iv e  b in o m ia l d i s t r i b u t i o n  i s  a  c o n ta g io u s  d i s t r i b u t i o n ,  
m eaning th e  o c c u rre n c e  o f  one e v e n t in c re a s e s  th e  p r o b a b i l i t y  o f  
a n o th e r  e v e n t  (W illiam son  and B re th e r to n ,  1963, 9 ) .  On t h e o r e t i c a l  
g ro u n d s , t h i s  d i s t r i b u t i o n  w ould ap p ea r to  b e  c a p a b le  o f  d e s c r ib in g  
to rn a d o  f re q u e n c y  s in c e  to rn a d o e s  te n d  to  form  i n  c l u s t e r s  o r  
f a m i l i e s .  However, th e  q u a d r a t  s i z e  m ust b e  s m a ll  enough to  i d e n t i f y  
t h i s  c l u s t e r i n g  e f f e c t .  The in d iv id u a l  q u a d ra ts  u se d  in  t h i s  r e s e a r c h  
w ere re d u c e d  from  50 m ile s^  (1 2 9 .5  Km^) to  30 m ile s ^  (7 7 .7  Km^) b e c a u se  
th e  a n n u a l f re q u e n c ie s  o f  a l l  q u a d ra ts  o f  l a r g e r  s i z e  d id  n o t  f i t  
th e  n e g a t iv e  b in o m ia l d i s t r i b u t i o n .
The log n o rm al d i s t r i b u t i o n ,  i s  som etim es, r e f e r r e d  to  as  th e  
d i s t r i b u t i o n  o f  p r o p o r t io n a te  e f f e c t  b eca u se  i t  d e s c r ib e s  d i s t r i b u t i o n s  
w here g row th  o f  e q u a l p r o p o r t i o n a te  in c re m en ts  h av e  an  e q u a l chance o f  
o c c u r r in g  r e g a r d le s s  o f  t h e  p r e v io u s ly  a t t a in e d  s i z e  (K ing, 1969, 5 3 ) .  
T h e re fo re  t h i s  d i s t r i b u t i o n  t h e o r e t i c a l l y  i n d i c a t e s  t h a t  th e  number o f  
to rn a d o e s  t h a t  have a l r e a d y  o c c u r re d  d u rin g  a  g iv e n  tim e  p e r io d  has 
no e f f e c t  on th e  p r o p o r t io n a te  number th a t  w i l l  o c c u r  in  th e  f u tu r e .  
T h is  r e l a t i o n s h i p  i s  s e n s i t i v e  to  q u a d ra t s i z e  d i r e c t l y  o r  i n d i r e c t l y  
th ro u g h  f re q u e n c y , b e c a u se  a  l a r g e  freq u en cy  i s  n e c e s s a ry  to  p ro d u ce  a  
d i s c r e t e  d i s t r i b u t i o n  t h a t  can  b e  approx im ated  by a  c o n tin u o u s  
d i s t r i b u t i o n .
The a b i l i t y  o f  th e s e  two d i s t r i b u t i o n s  to  r e p r e s e n t  an n u a l f r e ­
quency r a i s e s  q u e s tio n s  c o n c e rn in g  t h e i r  f u tu r e  u s e  i n  to rn ad o  h a z a rd  
r e s e a r c h .  B oth a p p a re n t ly  hav e  s c a le  l i m i t a t i o n s  w h ich  would g r e a t ly  
in f lu e n c e  t h e i r  range  o f  a p p l i c a t i o n .  A lso  d e p en d in g  on th e  r e s e a r c h
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p ro b le m , one may p ro d u c e  b e t t e r  r e s u l t s  th a n  th e  o th e r  in  a  m anner 
s i m i l a r  to  v a r io u s  g e o lo g ic a l  m odels (K rum bein and G r a y b i l l ,  1 9 6 5 , 2 8 ) .  
The ra n g e s  o f  a p p l i c a t io n s  and s c a l e s ,  and th e  l i m i t a t i o n s  o f  th e s e  
d i s t r i b u t i o n s  need  to  b e  d e te rm in e d  b e c a u se  know ledge o f  an ap p ro ­
p r i a t e  freq u en cy  d i s t r i b u t i o n  to  d e s c r ib e  n a t u r a l  e v e n ts  i s  an  
e s s e n t i a l  re q u ire m e n t f o r  many ty p e s  o f  h a z a rd  r e s e a r c h .
C o n c lu sio n s  b a se d  on  th e  com puter s im u la t io n  ex p e rim en ts  in v o lv e  
th e  n eed  f o r  f u r t h e r  to rn a d o  h aza rd  r e s e a r c h  and th e  a p p l i c a b i l i t y  
o f  th e s e  r e s u l t s  t o  r e g io n s  o th e r  th a n  C e n t r a l  Oklahoma. Thom (1 9 6 3 , 
731) su g g e s te d  t h a t  th e  e x p e c te d  p a th  a r e a  o f  to rn a d o e s  may b e  i n -  
v a r i a t e  o v e r  s p a c e ,  b u t  a l s o  su g g e s te d  t h a t  p a th  a re a s  b e  a n a ly z e d  
from  o th e r  a re a s  to  e v a lu a te  th e  v a l i d i t y  o f  t h i s  s u g g e s t io n .  T h is  
r e s e a r c h  as w e ll a s  th e  r e s e a r c h  by Howe (1 9 7 4 , 344) has shown t h a t  
to rn a d o  p a th  s i z e s  i n  o th e r  a re a s  o f  th e  U n ite d  S ta te s  a r e  s i g n i f i ­
c a n t ly  d i f f e r e n t  th a n  th e  Iowa to rn a d o e s  a n a ly z e d  by Tliom. Thom 
u sed  h i s  p a th  a r e a  e s t im a te s  from Iowa i n  c o n ju n c t io n  w ith  a n n u a l 
f r e q u e n c ie s  th ro u g h o u t th e  U n ited  S ta t e s  to  d e te rm in e  a r e a l  p r o b a b i l ­
i t i e s  f o r  th e  e n t i r e  U n ite d  S ta t e s .  Thom 's e x p e c te d  p a th  a r e a  w as 
much h ig h e r  (n e a r ly  f i v e  t im e s )  th a n  th e  C e n t r a l  Oklahoma s tu d y  a r e a  
u se d  i n  t h i s  r e s e a r c h  and  50% h ig h e r  th a n  an y  r e p o r te d  by Howe (1 9 7 4 , 
3 4 5 ) . T h e re fo re  Thom 's p r o b a b i l i t i e s  a r e  o v e r  e s t im a te d .  A r e - e v a l u a -  
t i o n  o f  Thom's o f t e n  u se d  to rn a d o  p r o b a b i l i t i e s  i s  n e c e s s a ry  to  m ore 
a c c u r a te l y  e v a lu a te  th e  e x t e n t  o f  th e  to rn a d o  h a z a rd .
The second d e g re e  p o ly n o m ia l ( q u a d r a t ic )  f i t  to  th e  p a th  a r e a s  
w i th  v a r io u s  fre q u e n c y  and  m agn itude c h an p - .  can  b e  a p p l ie d  to  any  
a r e a  to  d e te rm in e  th e  e x p e c te d  p e rc e n t  o f  p a th  a re a  w ith  any p e r c e n t  
d e c re a s e  i n  freq u en cy  and  m ag n itu d e . The p o ly n o m ia l c o e f f i c i e n t s
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I n  th e  o r i g i n a l  e q u a t io n  w ere  e x p re s se d  a s  a  p e r c e n t  o f  th e  p r e d ic te d  
p a th  a r e a  w ith o u t f re q u e n c y  o r  m agnitude c h a n g e s . The g e n e ra l  q u a d r a t ic  
e q u a t io n  w ith  th e s e  ch anges in c o rp o ra te d  i s
Z% = 100 + (.99 )X  + ( -1 .0 4 )Y  +  (0 .00087)X ^ +  .0108XY +
( - .  00006) (22)
T h is  e q u a t io n  can b e  a p p l i e d ,  f o r  exanq>le, to  e v a lu a te  th e  e f f e c t  on 
p a th  a r e a  o f  a  30% change i n  m agnitude (Y) and a  40% change in  
f re q u e n c y  (X) by s u b s t i t u t i n g  th e s e  v a lu e s  i n t o  th e  e q u a t io n .  I t  
becomes :
Z% = 100 + ( - .9 9 )4 0  +  ( -1 .0 4 )3 0  + (-.00087)40%  +  .0 1 0 8 (4 0 )(3 0 )  +
(-.00006)30%  (23)
The r e s u l t ,  40.7%, i n d i c a t e s  t h a t  w ith  th e s e  p a ra m e te r  changes th e  
p a th  a r e a  i s  40.7% o f t h a t  n o rm a lly  e x p e c te d . T h is  e q u a t io n ,  o f 
c o u r s e ,  can  be  i n d i r e c t l y  a p p l ie d  to  ex p ec ted  v a lu e  o f  damage f ig u r e s
f o r  any a r e a .  I f  d a ta  c o n c e rn in g  t h e o r e t i c a l  o r  e m p ir ic a l  e x p e c te d
damage v a lu e  p e r  tim e  u n i t  i s  a v a i l a b l e ,  e s t im a te s  can  b e  made on th e  
sa v in g s  t h a t  would r e s u l t  fro m  v a r io u s  fre q u e n c y  and  m agn itude m o d if i­
c a t io n s  .
The in f lu e n c e  o f  to rn a d o  i n t e n s i t y  on damage v a lu e  h as  been  
d i f f i c u l t  to  a c c u r a te ly  i d e n t i f y  i n  t h i s  r e s e a r c h .  A d e c re a se  o f  
one i n t e n s i t y  l e v e l  in  th e  o v e r a l l  F - s c a le  f re q u e n c y  d i s t r i b u t i o n ,  
a s  was perfo rm ed  h e r e ,  r e s u l t e d  i n  63 .2  p e r c e n t  d e c re a s e  i n  e x p e c te d  
damage v a lu e .  T h is  in d i c a t e s  t h a t  i n t e n s i t y  may b e  th e  m ost s e n s i t i v e  
o f  th e  to rn a d o  p a ra m e te rs  o r  t h a t  th e  r e d u c t io n  assu m p tio n  was o v e r ly  
o p t i m i s t i c .  The damage v a lu e  w ould be g r e a t ly  re d u c e d  i f  th e  F -3 ,
4 and 5 to rn a d o e s  co u ld  b e  m o d if ie d . The e x a c t  r e l a t i o n s h i p  b e tw een  
i n t e n s i t y  and m agnitude i s  n o t  known. I t  was th e r e f o r e  im p o ss ib le  to
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s im u la te  th e  e f f e c t  t h a t  i n t e n s i t y  m o d if ic a t io n s  have on damage v a lu e ,  
b e c a u se  no t h e o r e t i c a l  o r  e m p ir ic a l  d i s t r i b u t i o n  e x i s t s  t h a t  d e s c r ib e s  
t h i s  r e l a t i o n s h i p .  The U n ited  S ta te s  W eather S e rv ic e  i s  now c o l l e c t i n g  
d a ta  on i n t e n s i t y  o f  to rn a d o e s  in  a d d i t io n  to  freq u en cy  and m ag n itu d e . 
As th e  sam ple s i z e  I n c r e a s e s  in  th e  f u tu r e  th e  r e la t io n s h ip  o f  to rn a d o  
i n t e n s i t y  o t  m agnitude w i l l  h o p e fu lly  be  e v a lu a te d .  W ith t h i s  n eed ed  
in f o r m a t io n ,  th e  s e n s i t i v i t y  o f  i n t e n s i t y  m o d if ic a t io n s  to  th e  damage 
v a lu e  can  be  e v a lu a te d .
The s im u la tio n  e x p e rim e n ts  have a l s o  shown th a t  to rn a d o  f re q u e n c y  
and m ag n itu d e  a re  e q u a l ly  s e n s i t i v e  to  m o d if ic a t io n s  when in d ep en d en ce  
i s  assum ed . T h is becom es im p o rta n t when te c h n iq u e s  a re  i n  th e  d e v e lo p ­
m e n ta l s t a g e .  T echn iques u sed  to  m odify  th e s e  p a ram ete rs  may b e ,  as  
i n d i c a te d  in  C hap ter 2 , q u i t e  d i f f e r e n t .  One te ch n iq u e  i s  l i k e l y  to  
b e  l e s s  c o s t ly  th a n  th e  o th e r  and w ith  t h i s  in fo rm a tio n  th e  d e c i s io n  
as  to  th e  m ost a p p r o p r ia te  te c h n iq u e  to  em ploy cou ld  be made.
The c o n c a v ity  o f  th e  p a th  a re a  s u r f a c e  (F ig u re  6) i n d i c a t e s  t h a t  
th e  com bined e f f e c t  o f  f re q u e n c y  and m agn itu d e  changes d im in is h  w ith  
h ig h  p e r c e n t  m o d if ic a t io n s .  The s t r a t e g y  u sed  in  th e  f u tu r e  to  m odify  
to rn a d o e s  may be d i r e c t l y  r e l a t e d  to  t h i s  r e l a t i o n s h ip .  Once fre q u e n c y  
and m agn itu d e  a re  b o th  m o d if ie d  by a p p ro x im a te ly  50%, i t  w i l l  b e  
a d v a n ta g e o u s  to  c o n c e n tr a te  f u r th e r  m o d i f ic a t io n  on e i t h e r  fre q u e n c y  
o r  m ag n itu d e  and n o t on b o th .  The d e c is io n  a s  to  which to  choose  may 
b e  d i c t a t e d  by th e  c o s t  o f  m o d if ic a t io n  a lo n e  o r  by o th e r  i n d i r e c t  
m o t iv a t io n s .  For exam ple , by ch o o sin g  to  f u r t h e r  m odify f re q u e n c y , 
to rn a d o  damage w ould be c o n c e n tra te d  in  few er a r e a s ,  w hich may have  
g r e a t e r  econom ic b e n e f i t  th a n  hav in g  l e s s  to rn a d o  damage sp re a d  o v e r  
a d d i t i o n a l  a r e a s .
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P a th  a r e a  r e d u c t io n s  a r e  more s e n s i t i v e  to  freq u en cy  m o d i f ic a t io n  
th a n  to  m agnitude m o d if ic a t io n s  when th e  a p p a re n t  dependency be tw een  
f re q u e n c y  and  m agnitude I s  c o n s id e re d . F o r ex am p le , a  10% d e c re a s e  
In  f re q u e n c y  w i l l  r e s u l t  In  an  18% d e c re a s e  In  ex p ec ted  p a th  a r e a ,  w h ile  
a  10% d e c re a s e  In  m ag n itu d e  w i l l  r e s u l t  in  a  12% re d u c t io n  In  p a th  a r e a .  
T h is  In fo rm a tio n  In  r e l a t i o n  to  th e  l i k e l y  a b i l i t y  o f  to rn ad o  m o d if ie r s  
to  m od ify  f re q u e n c y , p r e s e n ts  a  s t ro n g  c a s e  f o r  c o n c e n tr a t io n  o f  e f f o r t s  
I n  d e v e lo p in g  freq u en cy  m o d if ic a t io n  te c h n iq u e s .
The d e c re a se  I n  damage v a lu e ,  e s t im a te d  I n  t h i s  r e s e a rc h  a r e  
c o n s e r v a t iv e .  The e x a c t  v a lu e  o f  th e  p r o p e r t y - a t - r l s k  I s  Im p o ss ib le  
to  o b ta in .  W ith i n f l a t i o n  c o n s ta n t ly  I n c r e a s in g  th e  d o l l a r  v a lu e  o f  
p r o p e r ty ,  and c o n s tr u c t io n  and r e p a i r  c o s t s  r i s i n g  even more r a p id l y  
th a n  i n f l a t i o n ,  d a ta  g a th e re d  today  a re  o u t  o f  d a te  tom orrow. The 
a s s e s s e d  v a lu e  o f  r u r a l  and u rb an  Im provem ents u sed  In  t h i s  r e s e a r c h  
I s  th e  b e s t  s u r ro g a te  a v a i l a b l e ,  a lth o u g h  I t  u n d o u b ted ly  u n d e re s t im a te s  
v a lu e s  In  r e l a t i o n  to  f a i r  s a l e  v a lu e s  and e s p e c i a l l y  u n d e re s t im a te s  I n  
r e l a t i o n  to  rep lacem en t c o s t .  Even though t h i s  c o n s e rv a t iv e  p r o p e r ty -  
a t - r l s k  v a lu e  was u s e d , th e  b e n e f i t s  o f  v a r io u s  to rn ad o  p a ra m e te r  
m o d i f ic a t io n s  a re  g r e a t .  A 40% d e c re a se  In  m ag n itu d e  and fre q u e n c y  in  
t h e  Oklahoma C ity  q u a d ra t  r e s u l t e d  In  a  1 2 .5  m i l l i o n  d o l l a r  s a v in g s  
o v e r  th e  ex p ec ted  tw en ty  y e a r  v a lu e . W ithou t c o n s id e r in g  human l i v e s ,  
w i th  b e n e f i t s  o f  t h i s  m a g n itu d e , f u tu r e  to rn a d o  m o d if ic a t io n  e f f o r t s  
a r e  l i k e l y  to  be e c o n o m ic a lly  f e a s ib l e .
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APPENDIX C
CALCULATION OF VALUE OF IMPROVEMENTS 
FOR SELECTED QUADRATS
The v a lu e  o f  im provem ents ( r u r a l  and u rb an ) w ere c o l le c te d  by 
coun ty  from  th e  Oklahoma Tax Comm ission. T hese d a ta  had to  be c o n v e r te d  
f o r  u se  in  th e  s e l e c te d  q u a d r a t s .  The method u se d  c o n s is te d  o f  d e t e r ­
m in ing  th e  p e rc e n ta g e  o f  r u r a l  and u rban  la n d  a r e a  o f  each  coun ty  t h a t  
was w i th in  a  q u a d ra t ,  and  a l l o c a t i n g  th a t  p e r c e n t  o f  th e  v a lu e  o f  r u r a l  
and u rb a n  im provem ents to  th e  q u d ra t .
The p e rc e n t  o f  " b u i l t - u p  a r e a "  o f  each  c o u n ty  was c o l le c te d  from  
Oklahoma A g r ic u l tu re -1 9 7 0 -7 1 , Oklahoma Crop and L iv e s to c k  R e p o rtin g  
S e r v ic e ,  S t a t e  Board o f  A g r ic u l tu r e ,  1971, 100 p .
The p o p u la tio n  o f  " b u i l t - u p  a re a s "  (any tow n o r  c i t y  l i s t e d )  was 
g a th e re d  from  th e  1970 C ensus o f  P o p u la tio n -O k lah o m a . A p la n im e te r  was 
u sed  to  d e te rm in e  th e  a r e a  o f  th e  coun ty  w i th in  e ac h  q u a d ra t .
The fo llo w in g  fo rm u las  w ere  used  to  d e te rm in e  v a r io u s  v a lu e s  f o r  
each  c o u n ty  i n  th e  s e l e c t e d  q u a d ra t .
The p e rc e n t o f  " b u i l t - u p "  a r e a  o f  c o u n ty  i n  q u a d ra t
7 lit, , .  If _ T o ta l "u rb a n "  p o p u la tio n  in  q u a d ra t  
up T o ta l  "u rb a n "  p o p u la t io n  in  co u n ty
The number o f  s q u a re  m ile s  o f  co u n ty  i n  q u a d ra t  c o n s id e re d  
" b u i l t - u p "
m ile s^  " b u i l t - u p "  = % " b u i l t - u p "  X " b u i l t - u p "  a r e a
in  c o u n ty
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The p e rc e n t  o f  r u r a l  a r e a  o f  c o u n ty  in  q u a d ra t
2 2 7 r u r a l  -  m ile s  in  quadrat -  m ile s  " b u i l t - u p ”
2
T o ta l  m ile s  c o u n ty
The number o f  s q u a re  m ile s  in  co u n ty  c o n s id e re d  r u r a l
2 2 m i le s  r u r a l  = % r u r a l  X T o ta l  m ile s  i n  q u a d ra t
C reek
O kfuskee
L in c o ln
P o ttaw a to m ie
TOTAL
SUMMARY TABLE OF SELECTED QUADRATS 
Q uadra t (2 ,4 )
,  Lincoln Co.
Creek Co.
Okfuskee Co.
Potfowofomie Co. 
M ile s^  " b u i l t - u p "
1 .4  
1 6 .1
2 0 .5  
0 . 0
3 8 .0
M iles  r u r a l  
3 0 6 .5
4 0 8 .4
12 2 .5
2 4 .6
8 6 2 .0
% o f  r u r a l  
.3185 
.6348 
.1218 
.0303
% o f  " b u i l t - U :  
.0368 
.9876 
.6298 
.0000
$ R ural Im provem ents 
1 7 .8
4 .4  
2 . 8
1 .5
$ Urban Improvem ents
3 .3
11.2
16 .6  
0 .0
2 6 .5 31 .1
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Q u ad ra t (2 ,2 )
^Kingfisher Co.
Oklahoma
C anadian
K in g f is h e r
Logan
TOTAL
Logan Co.
Oklohomo Co.
Conodion Co.
M iles^  " b u i l t - u p "  M iles^  R u ra l % o f  R ura l % o f  Urban
1 7 8 .2  3 4 4 .5  .5209 .9916
2 1 .1  110 .4  .1290 .5166
1 .4  4 7 .1  .0531 .0529
0 .0  1 9 7 .3  .2681 .0000
201 .7
$ R ura l Im provem ents
2 5 .3
5 .2
1 .4
6 . 2
6 9 9 .3
$ Urban Im provem ents
2 ,2 7 8 .5
52 .1
1 .7  
0.0
3 8 .1 2 ,3 3 2 .3
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